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EDITORIAL 


Evidence lights the way 


hese are dark times for science and public 
policy in the United States. In June, it was re- 
vealed that the White House suppressed the 
congressional testimony of a State Department 
scientist on the implications of climate change 
for national security—just the latest example 
of evidence undercut by ideology. Yet, despite 
this gloomy backdrop, there are glimmers of scien- 
tific evidence used to improve policy and practice. 
In July, a bipartisan group formed the Congressional 
What Works Caucus to encourage federal investments 
in evidence-based programs and policies. Since Janu- 
ary, the Foundations for Evidence-Based Policymaking 
Act has pushed federal agencies to develop learning 
agendas and appoint chief data officers 
to make better use of government data. 
What will it take to keep the light of evi- 
dence burning and ensure that the best 
science informs important decisions of 
our time? 

The current administration has taken 
steps to undermine the integrity of fed- 
eral statistics agencies, eliminate or mar- 
ginalize science units in federal agencies, 
slim down or drop expert advisory 
boards, remove scientific information 
from federal websites, and ban agency 
employees from using the term “scien- 
tific evidence” in budget requests. In 
June, President Trump directed federal 
agencies to disband at least one-third 
of their expert advisory committees by 30 September. 

Nevertheless, there are signs that data, evidence, 
and rigorous evaluation persist. In June, the nonprofit 
Bipartisan Policy Center published Evidence Works, a 
compendium of 20 cases of evidence use at the federal, 
state, and local levels in the United States, with many 
reflecting action since 2017. One case is the Family First 
Prevention Services Act of 2018. Guided by years of re- 
search, this federal law has created funding opportu- 
nities to encourage states to provide services to meet 
families’ mental health, substance use, and parenting 
needs to help keep children at home instead of sending 
them to foster care. Ultimately, Family First will provide 
better lives for thousands of children and families. 

State and local leaders are also seeking to use evi- 
dence, often in collaboration with researchers. By in- 
vesting in research-informed programs, for example, 


“What will it 
take to...ensure 
that the best 
science informs 
important 
decisions of 
our time?” 


the New Hampshire Charitable Foundation has made 
progress on early childhood education, family and youth 
supports, substance abuse prevention, and education 
and career pathways. Likewise, the National Network 
of Education Research-Practice Partnerships is fortify- 
ing the capacity of state education agencies and school 
districts to collaborate with researchers to identify ways 
to improve academic and socio-emotional outcomes for 
students. Findings from such collaborations are often 
consequential in policy and practice because the ques- 
tions examined derive from the needs of the local dis- 
tricts and state agencies involved. In one well-known 
example, high school graduation rates in Chicago in- 
creased by more than a third after the district imple- 
mented an early warning system (to 
identify students at risk of dropping out) 
informed by findings from a research- 
practice partnership between district of- 
ficials and university researchers. 

So how can research, science, and evi- 
dence remain integral to public policy? 
Public and private funders must redou- 
ble their commitments to support scien- 
tific inquiry, as in 2018 when Congress 
increased the budgets of several science 
agencies after the administration had 
proposed cuts. Philanthropy must also 
fund evidence-based solutions and the 
science behind them. The Community 
Foundation Opportunity Network, for 
instance, which unites local philan- 
thropies committed to equity, is mobilizing leaders to 
adopt evidence-based approaches to narrow opportu- 
nity gaps for young people in their communities. More 
researchers should collaborate with policy-makers to 
develop research agendas, to increase the chances that 
research findings will be used. One example of the 
promise of such partnerships comes from the United 
Kingdom, where government-funded Applied Re- 
search Collaborations have helped narrow the divide 
between research production and the use of research 
evidence in health care policy and practice. 

It’s clear that contributions from government, phi- 
lanthropy, and research organizations are keeping evi- 
dence aglow, even in dark times. Let’s make sure that 
such efforts continue to light the path ahead. 


-Adam Gamoran 
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A giraffe calf at Maasai Mara National Reserve in Kenya represents a new generation. 


Giraffe trade to be tracked 


ations this week agreed to monitor trade in giraffes and their body 

parts to help conserve the species, now deemed vulnerable to ex- 

tinction. From 1985 to 2015, the wild giraffe population shrank by 

about 40% to approximately 68,000 adults. The declines were es- 

pecially sharp in eastern and Central Africa where giraffes’ savanna 

and forest habitat has been turned into farms and the animals are 
poached for meat; most trophy hunting of giraffes happens in southern 
Africa, where populations have been increasing. Environmental groups 
welcomed the new monitoring requirement, enacted by the Convention 
on International Trade in Endangered Species of Wild Fauna and Flora 
at its meeting in Geneva, Switzerland, as data are sparse. The only figures 
on trade in giraffe parts show that about 40,000—including hides, carved 
bones, and hunting trophies such as mounted heads—were brought into 
the United States from 2006 to 2015. 
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Huge study offers DNA counseling 


BIOMEDICINE | The U.S. National 
Institutes of Health’s All of Us study, 
which will explore genetic links to ill- 
nesses, on 21 August selected a company 
to offer counseling to the planned 1 mil- 
lion participants. Study volunteers can 
request their DNA test results for ancestry 
and genetic risks of certain diseases and 
drug reactions—an unusual step for a 
research study. The counseling company, 
Color, of Burlingame, California, will 
counsel participants by phone to help 
them understand how the findings could 
affect their health care; counselors will 
provide in-depth sessions for the esti- 
mated 3% of study subjects with genes 
that significantly raise the risk of cancer 
and other diseases. 


Germany seals open-access deal 


PUBLISHING | A consortium of more than 
700 German research institutions and 
libraries last week announced an agree- 
ment with publisher Springer Nature 

that gives member institutions online 
access to most of its scholarly journals 
while making all papers authored by their 
researchers in those journals immediately 
free to read. The 3-year agreement with 
the consortium, called Project DEAL, is 
the largest national deal of this kind to 
date. But it doesn’t include Nature or its 
sister journals, which now have no open- 
access option for authors. The “publish 
and read” agreement gives member 
institutions full access to content in 2500 
other Springer Nature journals, including 
archives back to 1997. Charges are based 
not on subscriptions, but on a fee per 
research article, paid by the consortium 
institutions, for the estimated 13,000 
papers published annually in those jour- 
nals by scholars based in Germany. Project 
DEAL reached a similar agreement with 
publisher Wiley in February but remains 
at an impasse in its attempt to reach 

one with Elsevier, the world’s largest sci- 
entific publisher. 


‘Polypill’ yields positive results 


CLINICAL RESEARCH | A large study of 
taking a daily “polypill” shows it slashes 
the rate of heart attacks by half. However, 
experts are divided on the ethics of 
distributing the pills prophylactically 

to healthy people over age 50 without a 
prescription, as some advocates suggest. 
Taking a polypill—a capsule containing 
aspirin, two blood-pressure drugs, and a 
cholesterol-lowering statin—drastically 
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reduced cardiovascular illnesses in nearly 
7000 Iranians, says a study in the 

24 August issue of The Lancet. These 
diseases are the world’s top killer. 
Polypills could benefit the many patients 
worldwide who have trouble sticking to 

a regimen of multiple heart pills. But 
some experts argue that physicians should 
first screen patients for risk factors for 
these diseases because the medications in 
polypills can cause side effects. 


United States targets Huawei R&D 


NATIONAL SECURITY | The U.S. 
Department of Commerce last week barred 
several research centers run by Chinese 
communications powerhouse Huawei 
Technologies from receiving U.S. prod- 
ucts and software. The ban, prompted by 
national security concerns, will not take 
effect for 90 days. At least five China-based 
research centers as well as facilities in 
Milan, Italy, and Martlesham, U.K., will be 
affected, but how the ban might hinder 
Huawei’s research activities is unclear. 
Huawei has 14 research centers worldwide 
and is investing 120 billion Chinese yuan 
($16.8 billion) this year in R&D in telecom- 
munications, networking technologies, 


MARINE BIOLOGY 
Caribbean coral bred in lab 


cientists for the first time have 
induced Caribbean coral to spawn 
ina laboratory, which could help 
conserve near-extinct species and 
pave the way for large-scale coral 
production in labs to replenish damaged 
reefs. The procreation, which started 
on 17 August at the Florida Aquarium’s 
research center in Apollo Beach, capped 
a 2-year effort to trick pillar coral 
(Dendrogyra cylindrus) into releas- 
ing a blizzard of eggs and sperm. Pillar 
coral has dwindled to just 115 colonies 
in the Florida Keys, partly because of 
stony coral tissue loss disease, which is 
ravaging Caribbean reefs. Over months, 
researchers used lighting and heating 
systems to mimic changes in the sun, 
moon, and water temperature that in the 
wild act as coral spawning triggers. The 
success with the Atlantic Ocean species 
comes 3 years after researchers learned 
to trigger spawning by some captive 
Pacific Ocean corals. 


Eggs rise in the water column from a pillar coral 
ina lab at the Florida Aquarium. 
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electronics, artificial intelligence, and 
other fields, putting it among the world’s 
top corporate R&D spenders. 


More Ebola vaccine ordered 


INFECTIOUS DISEASE | The US. 
Department of Health and Human Services 
announced last week it would give phar- 
maceutical company Merck $23 million to 
manufacture more doses of its experimental 
Ebola vaccine to help control the continuing 
outbreak in the Democratic Republic of 

the Congo. Public health officials worry the 
supply might run low if the outbreak wors- 
ens or spreads to other areas. 


Chile eyes harassment rules 


#METOO | Chile’s Senate approved a bill 
on 20 August that requires state-supported 
colleges and universities to create com- 
prehensive protocols to respond to sexual 
harassment or risk losing accreditation 
and funding. A 2017 study found that at 
least 39% of Chilean students and 41% of 
academics reported encountering un- 
solicited attention of a sexual nature. 
Chile’s laws protect employees of universi- 
ties and other research institutes against 
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sexual harassment, but students, post- 
doctoral scholars, and some others are left 
to fall through the cracks, says biochemist 
Adriana Bastias, president of the Chilean 
Network of Women Researchers. The 

bill will now move to Chile’s Chamber 

of Deputies. Its supporters hope it will 
become law as early as next year. 


MIT apologizes for Epstein gifts 


PHILANTHROPY | A history of ties to 
Jeffrey Epstein, the jailed sex offender and 
hedge fund manager who killed himself 
earlier this month, caused upheaval at 

the Massachusetts Institute of Technology 
(MIT) in Cambridge and its interdisciplin- 
ary Media Lab last week. MIT President 
Rafael Reif said the school would donate 
$800,000— the amount Epstein is believed 
to have given the lab and MIT engineer- 
ing professor Seth Lloyd—to help victims 
of sex abuse. Reif also offered a “profound 
and humble apology” for enhancing 
Epstein’s reputation. Lloyd, who visited 
Epstein in prison after his 2008 conviction, 
asked Epstein’s victims to forgive him for 
“protecting a powerful abuser.’ Media Lab 
Director Joi Ito also apologized, and Ethan 
Zuckerman, head of the lab’s center for civic 
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media, announced plans to leave because 
“4t’s hard to do that work with a straight 
face in a place that violated its own values 
so clearly in working with Epstein.” 


NSF fellowships show skew 


GRADUATE STUDIES | Recipients at a 
handful of elite universities again reaped a 
large portion of the U.S. National Science 
Foundation’s prestigious fellowships for 
early career graduate students for this year, 
a Science analysis indicates. Just 10 institu- 
tions garnered 31% of the 2052 fellowships, 
and 14% went to the top three—the 
University of California, Berkeley; the 
Massachusetts Institute of Technology in 
Cambridge; and Stanford University in 
Palo Alto, California. The reason for the 
pattern, which has persisted for many 
years, is unclear; top institutions contacted 
by Science declined to say how many of 
their students applied. But the universi- 
ties’ financial resources appear to be one 
factor in helping applicants prepare. The 
fellowships are open to U.S. citizens who 
have completed no more than 12 months of 
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a graduate program in science, technology, 
engineering, or math. Fellows are paid at 
the high end of what a standard research 
assistantship or teaching assistantship sti- 
pend would net. They also receive access to 
international research collaborations and 
career development internships. 


Solar power could replace hydro 


ENERGY | Solar panels could produce just 
as much electricity as the 2603 hydroelectric 
dams in the contiguous United States, but 
use much less land, says a study published 
online this week in Nature Sustainability. 
If the dams were removed and solar arrays 
installed on just 13% of the area that had 
been submerged under reservoirs, the 
solar cells could match the dams’ annual 
generation of 275,000 gigawatt hours. 
Many of the dams are aging and will 
require maintenance or removal before 
long; replacing them with solar would 
bring environmental benefits such as 
allowing fish to swim upstream, say study 
authors John Waldman, a biologist at 
Queens College, part of the City University 


Subsea eruption creates pumice ‘raft’ in Pacific 


ailors and scientists alike were surprised this month to discover a “raft” of 

pumice larger than Manhattan floating in the Pacific Ocean, about 50 kilometers 

northwest of Vava'u in Tonga. The suspected source: the eruption of an unnamed 

undersea volcano, just 40 meters down. The pumice—formed from lava that 

cooled and hardened—floats because it is porous. NASA's Earth Observatory said 
the agency's Landsat 8 satellite recorded the raft on 13 August (above). Two days later, 
the husband-and-wife crew of the catamaran ROAM reported on Facebook that they 
had sailed into it, surrounded as far as they could see by “rocks from marble to bas- 
ketball size such that water was not visible.” An undersea eruption in the same location 
was reported in 2001, according to the Smithsonian Institution's Global Volcanism 
Program. Pumice rafts can drift for weeks or years before breaking up, and they play 
an important role in long-distance dispersal of marine organisms, scientists say. 
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of New York, and colleagues. Among the 
obstacles: Until engineers develop better 
batteries and systems for storing intermit- 
tent solar power, hydropower is a more 
dependable electricity supply. And dams 
provide other benefits including flood 
control, water supply, and recreation. 


Alarm over Indonesia capital plan 


ENVIRONMENT | Indonesian President 
Joko Widodo worried conservationists this 
week by announcing a $33 billion plan to 
move the country’s capital to the island of 
Borneo from Jakarta, which endures air 
pollution and crowding and is one of the 
world’s fastest-sinking cities, making it 
prone to floods. The shift, if approved by 
Parliament, is to be completed by 2024; it 
could accelerate development on Borneo 
that is harming its endangered orangutans 
and native tropical forests, environmen- 
tal groups say. It’s unclear how much the 
government would spend to help Jakarta, 
home to more than 10 million people and 
the country’s economic capital, to solve its 
environmental problems. 


AWARDS 


Science wins journalism prizes 
Members of our news team were 
honored for articles published in 2018: 


Ann Gibbons won the David Perlman 
Award for Excellence in Science 
Journalism-News from the American 
Geophysical Union for her 16 November 
2018 story about the worst year to be 
alive: 536. 


Paul Voosen received the Award for 
Distinguished Science Journalism in the 
Atmospheric and Related Sciences from 
the American Meteorological Society 
for his 27 July 2018 feature about the 
creation of a new climate model. 


Jon Cohen and Jennifer Couzin- 
Frankel were given a Health Care Print 
Journalism Award by the National 
Institute for Health Care Management 
for a13 June 2018 article about why 
Florida is struggling to control HIV. 


Sanjay Kumar won a Red Ink Award 
special mention from the Mumbai Press 
Club for a 4 April 2018 article about 
threats to fossil sites in India. 
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A woman watches 
over a child with 
malaria in a hospital 
in Jacqueville, 

Ivory Coast, in April. 


Eradication goal splits malaria community 
A Lancet panel wants to end the disease by 2050. A WHO panel says that’s not realistic 


By Martin Enserink 


n 2007, philanthropists Bill and Melinda 

Gates stunned many scientists when, at 

a meeting in Seattle, Washington, they 

called for the worldwide eradication 

of malaria. Many felt malaria was so 

entrenched—there were almost 250 mil- 
lion cases annually—and so difficult to 
fight that any talk of eradication was pre- 
mature. But it’s hard to ignore two of the 
world’s most generous funders, and both 
the World Health Organization (WHO) 
and researchers embraced the idea. Soon, a 
flurry of working groups, scientific papers, 
and public health strategies were laying 
the groundwork. 

But the consensus is dissolving. Last 
week, WHO dropped a minor bombshell of 
its own when it released the summary of a 
report that says malaria eradication isn’t 
feasible in the foreseeable future. And it 
argues that setting any deadline will un- 
dermine disease control efforts, as it did 
when WHO set a similar goal 64 years ago. 
“We must not set the world up for another 
failed malaria eradication effort that could 
derail attempts to achieve our vision for 
decades,” says the report from WHO's Stra- 
tegic Advisory Group on Malaria Eradica- 
tion (SAGme). 
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“It’s a watershed moment,” says Willem 
Takken, a retired medical entomologist 
from Wageningen University & Research 
in the Netherlands. “Basically WHO now 
admits we won’t get rid of malaria any- 
time soon.” 

A second high-caliber group, however, 
disagrees. On 9 September, the Lancet Com- 
mission on Malaria Eradication, a group of 
26 academics from around the globe, will 
publish a study recommending that the 
world set a 2050 target for eradication, 
sources tell Science. The commission will 
also offer a timeline and concrete steps for 
reaching the goal. A deadline will help raise 
money and keep the field energized, says 
Arjen Dondorp, head of the Mahidol Oxford 
Tropical Medicine Research Unit in Bang- 
kok and a member of the Lancet group: “It’s 
mainly about keeping up the spirit.” 

The Lancet commission plans a high- 
profile announcement at WHO headquar- 
ters in Geneva, Switzerland. That prompted 
a preemptive strike by SAGme. It published 
its summary and held a press conference 
on 22 August, even though the full report 
is months away, “partly because of the noise 
that may be generated around” the Lan- 
cet report, says Pedro Alonso, director of 
WHO’s Global Malaria Programme. “It is 
making sure that the community doesn’t go 
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down a single line of thinking.” 

The debate is about more than just the 
usefulness of bold goals in global health. 
The focus on eradication has skewed sci- 
entists’ and funders’ priorities, says Brian 
Greenwood, a malariologist at the London 
School of Hygiene & Tropical Medicine. For 
instance, much energy has been spent in 
countries on the fringes of the malaria map— 
such as Sri Lanka, Bhutan, and El Salvador— 
where eliminating the parasite was relatively 
easy. Such “early wins” boosted morale but 
diverted attention from African countries 
where thousands of children were dying of 
malaria, Greenwood says. He recalls seeing 
16 children with cerebral malaria in a hospi- 
tal in Sierra Leone and thinking that talk of 
eradication was premature. 

WHO first adopted the goal of malaria 
eradication in 1955, after the insecticide DDT 
made killing mosquitoes easy and cheap. The 
effort saw major successes, until insecticide 
resistance emerged. The campaign made lit- 
tle headway in Africa, however, and in 1969 
the World Health Assembly moved to effec- 
tively end it by shifting responsibility for ma- 
laria control to national governments, while 
still retaining eradication as a long-term goal. 
That caused interest in the disease to plum- 
met and the parasite to resurge. 

When the Bill & Melinda Gates Foundation 
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revived the E word in 2007, it didn’t men- 
tion a deadline. Bill Gates later said it would 
take “multiple decades” and acknowledged 
it was “dangerous” to set unattainable goals 
(Science, 7 December 2007, p. 1544). Still, 
Margaret Chan, then WHO’s director, pledged 
the agency’s support, and the eradication 
goal began to shape policy and research. 

But Alonso thought the feasibility of eradi- 
cation needed a closer look, and in 2016 he 
convened SAGme and asked Marcel Tanner, 
a former director of the Swiss Tropical and 
Public Health Institute in Basel, to lead the 
panel. Its report, which partly relied on mod- 
eling by a team at the University of Oxford in 
the United Kingdom, says eradication is still 
a long-term goal worth pursuing, and that 
time is on humanity’s side: Megatrends such 
as socio-economic development, urbaniza- 
tion, and climate change—which can influ- 
ence transmission by changing temperature, 
humidity, and rainfall—will all help drive 
down malaria incidence. But it concludes 
that even in the rosiest of scenarios there 
will still be 11 million cases in 2050. 

The Lancet panel used models from 
the same Oxford group and will concur 
with many of SAGme’s findings, Dondorp 
says. But he and others argue that the 
Gates Foundation’s embrace of eradication 
reinvigorated malaria research, attracted 
money, and boosted control efforts. That 
helped trigger a decadelong decline in 
cases, from an estimated 247 million in 
2006 to 214 million in 2015. (The decline 
has flattened since then, however, and a 
WHO plan to reduce incidence by 40% 
between 2015 and 2020 is badly off track.) 

Whether the Lancet commission’s 2050 
target could deliver a similar boost is 
unclear; 2050 is so distant that “it’s not 
really a target at all,” says William Moss, a 
malaria researcher at the Johns Hopkins 
Bloomberg School of Public Health in 
Baltimore, Maryland. He notes that other 
Gates-backed eradication campaigns, such 
as those for polio and Guinea worm, have 
repeatedly missed deadlines. “What you 
end up with,” he says, “is donor fatigue, 
public fatigue, and loss of political will and 
commitment.” 

How Bill and Melinda Gates feel about 
the rift is unclear. Philip Welkhoff, director 
for malaria at the Gates Foundation in 
Seattle, says he can’t speak for the couple, 
but he is a member of SAGme and supports 
its conclusions. “My personal take is that 
the most effective goals are the ones that 
are in a 10- to 12-year time frame,” he says. 
“That’s where the energy should go.” At 
the same time, he says, “Our leadership 
and myself are completely committed to 
carrying through all the way to eradication. 
We are in it for the long haul.” = 
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Ancient people apparently followed rivers more than 500 kilometers inland to Cooper's Ferry in western Idaho. 


Ancient site in Idaho unplies 
first Americans came by sea 


16,000-year-old occupation predates possible land route 


By Lizzie Wade 


bout 16,000 years ago, on the banks 
of a river in western Idaho, people 
kindled fires, shaped stone blades 
and spearpoints, and butchered large 
mammals. All were routine activities 
in prehistory, but their legacy today is 
anything but. The charcoal and bone left at 
that ancient site, now called Cooper’s Ferry, 
are some 16,000 years old—the 
oldest radiocarbon-dated record 
of human presence in North 
America, according to work re- 
ported on p. 891. 
The findings do more than add 
a few centuries to the timeline of 
people in the Americas. They also 
shore up a new picture of how 
humans first arrived, by showing 
that people lived at Cooper’s Ferry 
more than 1 millennium before 
melting glaciers opened an ice-free 
corridor through Canada about 
14,800 years ago. That implies the 
first people in the Americas must 
have come by sea, moving rapidly down 
the Pacific coast and up rivers. The dates 
from Cooper’s Ferry “fit really nicely with 
the [coastal] model that we’re increasingly 
getting a consensus on from genetics and 
archaeology,’ says Jennifer Raff, a geneticist 
at the University of Kansas in Lawrence who 
studies the peopling of the Americas. 
The Clovis people, big game hunters who 
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A6-centimeter blade 
is among the oldest 
at an Idaho site. 


made characteristic stone tools dated to 
about 13,000 years ago, were once thought 
to have been the first to reach the Americas, 
presumably through the ice-free corridor. 
But a handful of earlier sites have persuaded 
many researchers that the coastal route is 
more likely. Archaeologists have questioned 
the signs of occupation at some putative 
pre-Clovis sites, but the stone tools and dat- 
ing at Cooper’s Ferry pass the test with fly- 
ing colors, says David Meltzer, an 
archaeologist at Southern Meth- 
odist University in Dallas, Texas. 
“Tt’s pre-Clovis. ’'m convinced.” 
Over 10 years of excavations, 
the Cooper’s Ferry team un- 
covered dozens of stone spear 
points, blades, and multipurpose 
tools called bifaces, as well as hun- 
dreds of pieces of debris from their 
manufacture. Although the site is 
near the Salmon River, most of the 
ancient bones belonged to mam- 
mals, including extinct horses. The 
team also found a hearth and pits 
dug by the site’s ancient residents, 
containing stone artifacts and animal bones. 
Radiocarbon dates on the charcoal and 
bone are as old as 15,500 years. In North 
America, few tree ring records can precisely 
calibrate such early radiocarbon dates, but 
a state-of-the-art probabilistic model placed 
the start of the occupation at between 16,560 
and 15,280 years. “I may not think it goes 
back to 16,000 years ago, but I surely can be- 
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lieve it goes back 15,000 years,” says Michael 
Waters, an archaeologist at Texas A&M Uni- 
versity in College Station. 

The only rival to Cooper’s Ferry as the old- 
est site in North America is the Gault site in 
Texas. Researchers dated that site to about 
16,000 years ago by optical luminescence, a 
method with larger error bars than radiocar- 
bon dating. 

It’s easy to see how seafaring people might 
have reached Cooper’s Ferry, says Loren 
Davis, an archaeologist at Oregon State Uni- 
versity in Corvallis who led the excavations. 
Although the site is more than 500 kilo- 
meters from the coast, the Salmon, Snake, 
and Columbia rivers link it to the sea. “As 
people come down the coast, the first left- 
hand turn to get south of the ice comes up 
the Columbia River Basin,” Davis says. “It’s 
the first off-ramp.” 

The area is now federal land but was long 
occupied by the Nez Perce Tribe, or the Ni- 
imiipuu. They know Cooper’s Ferry as Ni- 
péhe, an ancient village founded by a young 
couple after a flood destroyed their previous 
home, says Nakia Williamson, the tribe’s 
director of cultural resources. “Our stories 
already tell us how long we've been here. ... 
This [study] only reaffirms that,’ Williamson 
says. He hopes the excavations—in which 
Nez Perce archaeologists and interns 
participated—will help others recognize the 
deep ties the Nez Perce have to their ances- 
tral lands. “This is not just something that 
happened 16,000 years ago. It’s something 
that is still important to us today,” he says. 

Cooper’s Ferry may also offer a glimpse 
of the tools carried by the first arrivals to 
the Americas. Many of the spearpoints 
found there belong to the western stemmed 
point tradition, smaller—about the size of a 
pinkie—and lighter than the hefty Clovis 
points. Such tools have been found at early 
sites from British Columbia to Peru, and as 
far inland as Texas. Similar points are known 
from Japan from about 16,000 to 13,000 
years ago, Davis says. He and others argue 
that western stemmed points are emerging 
as the best markers of the first people to ar- 
rive in the Americas, and that they carried 
the tradition with them from Asia. 

But Meltzer isn’t convinced the western 
stemmed tradition conclusively predates Clo- 
vis or represents a coastal connection around 
the Pacific Rim. There are plenty of sites in 
Siberia in Russia without the technology, he 
says, and the complete points at Cooper’s 
Ferry are almost the same age as Clovis. (The 
site’s oldest tools are blades, bifaces, and 
fragments of points, fashioned with the same 
methods used to make western stemmed 
points.) Just as archaeology puts one debate 
about stone tools in the Americas to rest, it 
could be gearing up for the next one. 
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SYNTHETIC BIOLOGY 


Modified CRISPR cuts 
and splices whole genomes 


New tools bring editing to synthetic biology 


By Robert F. Service 


magine a word processor that allowed 
you to change letters or words but 
balked when you tried to cut or re- 
arrange whole paragraphs. Biologists 
have faced such constraints for de- 
cades. They could add or disable genes 
in a cell or even—with the genome-editing 
technology CRISPR—make precise changes 
within genes. Those capabilities have led to 
recombinant DNA technology, genetically 
modified organisms, and gene therapies. 
But a long-sought goal remained out of 
reach: manipulating much larger chunks 
of chromosomes in Escherichia coli, the 
workhorse bacterium. Now, researchers 
report they’ve adapted CRISPR and com- 
bined it with other tools to cut 
and splice large genome frag- 


out of cells,’ says Jason Chin, a synthetic 
biologist at the Medical Research Council 
(MRC) Laboratory of Molecular Biology in 
Cambridge, U.K. 

What’s more, those cutting and past- 
ing tools can’t be targeted precisely, and 
they leave unwanted DNA at the splicing 
sites—the equivalent of genetic scars. The 
errors build up as more changes are made. 
Another problem is that traditional editing 
tools can’t faithfully glue large segments to- 
gether. These issues can be a deal-breaker 
when biologists want to make hundreds or 
thousands of changes to an organism’s ge- 
nome, says Chang Liu, a synthetic biologist 
at the University of California, Irvine. 

Now, Chin and his MRC colleagues re- 
port they have solved these problems. First, 
the team adapted CRISPR to 
precisely excise long stretches 
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p. 922. The technique will en- 
able synthetic biologists to take 
on “grand challenges,” she says, 
such as “writing of informa- 
tion to DNA and storing it in 
a bacterial genome or creating 
new hybrid bacterial species 
that can carry out novel [meta- 
bolic reactions] for biochemistry or ma- 
terials production.” 

The tried and true tools of genetic engi- 
neering simply can’t handle long stretches 
of DNA. Restriction enzymes, the standard 
tool for cutting DNA, can snip chunks of 
genetic material and join the ends to form 
small circular segments that can be moved 
out of one cell and into another. (Stretches 
of linear DNA don’t survive long before 
other enzymes, called endonucleases, de- 
stroy them.) But the circles can accommo- 
date at most a couple of hundred thousand 
bases, and synthetic biologists often want 
to move large segments of chromosomes 
containing multiple genes, which can 
be millions of bases long or more. “You 
can’t get very large pieces of DNA in and 
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for synthetic 
biology.” 
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of the removed portion. Both 
circular strands of DNA are 
protected from endonucleases. 
The technique can create differ- 
ent circular chromosome pairs 
in other cells, and researchers 
can then swap chromosomes 
at will, eventually inserting 
whatever chunk they choose into the origi- 
nal genome. “Now, I can make a series of 
changes in one segment and then another 
and combine them together. That’s a big 
deal,” Liu says. 

The new tools will bolster industrial bio- 
technology by making it easier to vary the 
levels of proteins that microbes make, Liu 
and others say. They also promise an easy 
way to rewrite bacterial genomes whole- 
sale, Meyer adds. One such project aims to 
alter genomes so they can code not just for 
proteins’ normal 20 amino acids, but also 
for large numbers of nonnatural amino 
acids throughout the genome. That could 
lead to synthetic life forms capable of pro- 
ducing molecules far beyond the reach of 
natural organisms. 
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PALEOANTHROPOLOGY 


Stunning skull shakes human family tree 


Researchers reveal the 4-million-year-old face of the most ancient australopithecine 


By Michael Price 


or months, herder Ali Bereino had 
been trying to get a job working for 
a team of fossil hunters in northeast- 
ern Ethiopia. The Afar man hung 
around, watching and _ learning. 
One day in February 2016, Bereino 
dug a burrow to keep his baby goats safe 
from hyenas. He noticed teeth protrud- 
ing from the hard-packed sand and 
pulled out a jawbone, which he brought 
to the team’s leader, Ethiopian paleo- 
anthropologist Yohannes Haile-Selassie 
of the Cleveland Museum of Natural 
History in Ohio. Shoveling aside nearly 
half a meter of old goat droppings and 
sieving through sediment, the team un- 
earthed the nearly complete skull of an 
enigmatic human ancestor, the oldest 
member of the genus that eventually 
led to our own. 

After 3 years of analysis, researchers 
have dated the fossil to 3.8 million years 
old and identified it as Australopithecus 
anamensis, a hominin long thought to 
be the direct predecessor of the famed 
“Lucy” species, A. afarensis. The new 
fossil could reshuffle that ancient rela- 
tionship, the authors argue this week in 
two papers in Nature. 

Researchers hail the skull as one of 
the most significant hominin discov- 
eries in decades. “It’s a spectacular 
find,” says Carol Ward, an evolutionary 
anatomist at the University of Missouri 
School of Medicine in Columbia. “A 
number of teams—mine included—have 
been looking for an australopith skull 
like this. ... This is the specimen we’ve 
been waiting for.” 

Still, not everyone is convinced it 
clarifies the relations of the australo- 
pithecines, a genus of upright apes that 
lived between 4.2 million and 2 mil- 
lion years ago throughout eastern and 
southern Africa. 

A. anamensis was first identified in 
1995, mostly on the basis of 4-million- 
year-old teeth and jaws from Kenya. 
Given the dates, plus several telltale 
anatomical similarities, most research- 
ers concluded that A. anamensis gradu- 
ally transitioned into and was replaced 
by A. afarensis, which lived from about 
3.7 million to 3 million years ago. 
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The new Ethiopian specimen, named 
MRD after Miro Dora, the site where it was 
found, was probably a male with a brain size 
of about 370 cubic centimeters, about that of 
a chimpanzee. He had jutting cheekbones, 
elongated canine teeth and oval-shaped 
earholes—all features that strongly suggest 
membership in A. anamensis rather than 
the bigger-brained, flatter-faced A. afarensis, 
Haile-Selassie says. The team dated the skull 


A skull (top) shows that Australopithecus anamensis 
(artist's reconstruction, bottom) had a small brain and 
a protruding face. 
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using the radioactive decay of isotopes of ar- 
gon in the surrounding sediments. 

Fred Spoor, a paleoanthropologist at the 
Natural History Museum in London, says 
features such as MRD’s projecting cheek- 
bones and primitive earholes resemble 
those of later hominins, including South Af- 
rica’s A. africanus and Kenya’s Kenyanthro- 
pus platyops. The similarities, he says, may 
make some researchers wonder whether 

A. anamensis—and not A. afarensis, 

as thought—was the ancestor of those 

later hominins. 

MRD’s anatomy also helps pin down 
the identity of a puzzling 3.9-million- 
year-old forehead bone found in Ethio- 
pia in 1981; Haile-Selassie says the 
comparison suggests the skull fragment 
belonged to A. afarensis. If he’s correct, 
Lucy’s species would predate the new 
anamensis skull. Haile-Selassie con- 
cludes that the two species overlapped 
for about 100,000 years. The team still 
thinks A. afarensis descends from A. 
anamensis, but suggests Lucy’s species 
branched off anamensis, rather than 
simply replacing it. 

Ward and William Kimbel, a paleo- 
anthropologist at Arizona State Univer- 
sity in Tempe, agree that the new skull 
belongs to A. anamensis, but both say it 
will take more fossils to convince them 
that two distinct species of australo- 
pithecines roamed the Afar region at 
the same time. “That issue rests on the 
comparison of the new specimen with 
the single frontal” bone, which is the 
only A. afarensis specimen suspected of 
such antiquity, Kimbel says. “It’s difficult 
to make a strong argument because we 
have only the two specimens.” 

In a statement, Tim White, a paleo- 
anthropologist at the University of Cali- 
fornia, Berkeley, who served as Haile- 
Selassie’s doctoral adviser years ago, 
praised the discovery but says the studies’ 
evolutionary implications are “a bridge 
too far” He thinks individual variation 
alone can account for the differences be- 
tween the two specimens, and that the 
idea that afarensis replaced anamensis 
still makes sense. 

Regardless of how things shake out for 
hominin taxonomy, the finding proved a 
boon for Bereino. “Obviously, it guaran- 
teed him a hire,” Haile-Selassie says. 
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MICROBIAL ECOLOGY 


No microbiome is an island, 


survey reveals 


Sampling in Hawaiian valley shows wider environment 
shapes each organism's microbial community 


By Elizabeth Pennisi, in Louisville, Kentucky 


ven the internal world of microbes on 

which almost every plant and animal 

depends is part of a larger ecosystem, 

findings from a Hawaiian valley sug- 

gest. Researchers have tended to study 

such microbial communities—found 
in animal guts and in nitrogen-fixing nod- 
ules on legume roots, for example—in isola- 
tion. But by sampling and analyzing bacteria 
throughout Oahu’s Waimea Valley, a team 
has found that each organism’s microbiome 
is a subset of what exists in the broader envi- 
ronment and in organisms lower on the food 
web. “The real surprise was the extent to 
which microbes are spread across hosts and 
habitats,” said microbial ecologist Anthony 
Amend, one of about two dozen researchers 
at the University of Hawaii (UH) in Honolulu 
who conducted the survey. “We have been 
wearing blinders.” 

Instead of individual microbiomes, pic- 
ture a single “ecosystem microbiome,” says 
Amend, who presented the findings here at 
the annual meeting of the Ecological Society 
of America this month. The work “has the 
possibility of giving us a whole picture of how 
microbes move within and across environ- 
ments,” adds Kabir Gabriel Peay, an ecologist 
at Stanford University in Palo Alto, Califor- 
nia, who heard the meeting presentation. 
“This approach is really critical if we really 
want to know how microbiomes assemble.” 
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UH’s Margaret McFall Ngai, whose studies 
of bioluminescent microbes in squid over the 
past several decades revealed how intimate 
the connections between microbes and their 
hosts can be, thought the Hawaiian islands 
might do for microbes what they have for 
other flora and fauna: provide a laboratory 
for testing key ecological principles. And 
she realized that newly hired UH micro- 
biome researchers had the range of expertise 


During the survey, researchers captured birds, 
sampled their microbiomes, and released them. 


needed to do the work. Her colleagues were 
quickly sold on the idea, and they identified 
the Waimea Valley as a promising setting. A 
watershed just 12 kilometers long, Waimea 
encompasses a wide range of habitats, from 
dry beach to tropical rainforest. 

Students and faculty fanned out across the 
valley to collect microbes, sampling plants, 
animals, soil, rocks, streams, and even the 
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The Waimea Valley in Hawaii includes a wide 
variety of habitats for microbes and their plant 
and animal hosts. 


ocean, as divers took stock of the microbes 
in the coral reefs at the valley's base. They 
analyzed all the DNA in their samples and 
compared those sequences to DNA databases 
of known organisms. “I can’t think of anyone 
else who has taken that [broad brush] effort,” 
says Stephanie Kivlin, a microbial and eco- 
systems ecologist at the University of Tennes- 
see in Knoxville. “We never thought to look 
how [the microbes in] nearby animals might 
affect the plants,” she adds. “What they found 
is that there’s this really nice pattern.” 

The data revealed nested microbiomes, 
akin to Russian dolls. The soil and free- 
living samples contained the widest range 
of microbes. Primary producers—plants and 
algae—hosted the next greatest range, al- 
though just a subset of the diversity seen in 
the valley environment. The plant and algae 
eaters had a subset of that subset, and carni- 
vores had the least diverse microbiomes of 
all. Amend and his colleagues concluded that 
the microbes in the landscape set the stage 
for those found within hosts. And somehow 
each organism’s place in the food web helps 
determine what microbes it acquires. 

Many researchers have assumed that an 
organism’s microbiome is somehow seeded 
from the environment, but few had delved 
into the specifics. This study is “a demonstra- 
tion of how connected our world is, all the 
way down to the microbiological level,” says 
Colin Averill, a microbial ecologist at ETH 
Zurich in Switzerland who studies how soil 
microbes influence the trees above them. 
The Waimea survey “implies that I need to 
take an even broader approach,” he says. 

The work also revealed that some 
microbes are surprisingly widespread. 
Many so-called marine fungi were common 
in the stream and even on land, Amend 
reported. That’s surprising to Peay. “It sug- 
gests that they may have much more com- 
plex life cycles or natural histories than we 
have previously imagined.” 

Amend and his colleagues now hope to 
watch the ecosystemwide microbial traffic 
in action. They are taking lab-grown straw- 
berry seedlings and caged, lab-reared, 
germ-free fruit flies to different places 
in the valley, hoping to see how they ac- 
quire microbiomes from the environment 
and how their new microbial guests af- 
fect their health and reproductive fitness. 
“That could have a practical pay-off,” Peay 
says. “Understanding how plants and ani- 
mals acquire their microbiomes has the 
potential to improve efforts to restore eco- 
systems, improve agricultural sustainabil- 
ity, and manage diseases.” 
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EARTH SCIENCE 


World's oldest impact 


crater dated in 


Australian outback 


The 2.2-billion-year-old Yarrabubba impact 
came at the end of a planetwide deep freeze 


By Eric Hand, in Barcelona, Spain 


arlangi Rock, an ancient hill in the 

outback of Western Australia, is dim- 

pled by the quarries of Aboriginal peo- 

ple who chiseled its fine-grained rocks 

into sharp tools. Now, geologists have 

added a much deeper layer of history 
to those rocks by showing they were forged 
2.229 billion years ago, when an asteroid 
crashed into our planet. The finding makes 
Yarrabubba crater, the 70-kilometer-wide 
scar left by the collision, Earth’s oldest. 

The geologists who reported the date last 
week, here at the Goldschmidt geochemistry 
conference, also point out a conspicuous co- 
incidence: The impact came at the tail end of 
a planetwide deep freeze known as Snowball 
Earth. They say the impact may have helped 
thaw Earth by vaporizing thick ice sheets 
and lofting steam into the stratosphere, cre- 
ating a powerful greenhouse effect. 

“Tt’s intriguing to think what a moderate 
to large impact event could do in this time 
period,’ says Timmons Erickson, a geo- 
chronologist at NASA’s Johnson Space Center 
in Houston, Texas, who led the study. “The 
temporal coincidence is striking,’ agrees 
Eva Stiieken, a geobiologist at the University 
of St. Andrews in the United Kingdom. But 
she and other researchers are skeptical that 
Yarrabubba—which is just one-third the size 
of the crater left by the dinosaur-killing im- 
pact 66 million years ago—could have had 
such a profound effect on the climate. Still, 
Stiieken says, paleoclimate studies should 
consider the possible role of such violent 
collisions. “It forces us to think more about 
these impacts and these potential feedbacks.” 

Earth likes to cover its tracks. Erosion 
from wind and water, as well as the churn 
of plate tectonics, mean impact craters are 
scarcer the further one goes back in time— 
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even though the cratered surfaces of the 
moon and Mars show impacts were actu- 
ally more common in the tumultuous early 
solar system. Prior to the dating of Yarra- 
bubba crater, the oldest known impact was 
the Vredefort Dome, a 2.02-billion-year-old 
feature in South Africa that, at 300 kilo- 
meters wide, is the world’s largest. 

Western Australia is a good place to look 
for old craters because it contains the Yilgarn 
Craton, one of Earth’s oldest surviving pieces 
of crust. In 2001, a magnetic survey near Yar- 
rabubba revealed circular features in the bed- 
rock, although no crater rim can be seen at 
the surface. And when Francis Macdonald, a 
geologist at the University of California (UC), 
Santa Barbara, took a close look at rocks from 
the region, he found the signatures of an im- 
pact’s shock: microscopic planar patterns in 
mineral crystals and shatter cones, horsetail 


Shock and thaw? 


Yarrabubba crater is in the Yilgarn Craton, an ancient 
piece of crust. Dust and steam from the impact may 
have helped end a global ice age, researchers suggest. 
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Oxygen from ancient life may have led to Snowball 
Earth (artist’s concept). Did an impact help it thaw? 


fracture patterns up to 1 meter long. Some of 
the melted and recrystallized rocks from be- 
neath the crater—including Barlangi Rock— 
had also survived. “We're looking at the roots 
of it,’ Macdonald says. In a 2003 discovery 
paper, he and his colleagues named the crater 
after the local sheep shearing station. They 
knew the impact was ancient, but could not 
give it a firm date. 

In 2014, Erickson saw an opportunity while 
on his way to field work elsewhere in West- 
ern Australia. He camped near Barlangi Rock 
and crisscrossed the hill with a sledgeham- 
mer, filling a backpack with a dozen chunks 
of rock. In a laboratory tub, he zapped the 
rocks with 100,000 volts of electricity, break- 
ing them up into their component minerals 
without damaging delicate textures. 

Next, Erickson had to sift for crystals suit- 
able for dating. Like a gold prospector, he 
used pans to float off less dense quartz and 
feldspar, and he extracted other unwanted 
minerals with a magnet. Finally, with twee- 
zers and a microscope, he picked out several 
hundred grains of zircon and monazite, each 
smaller than the width of a human hair. “You 
need a good podcast or music when you're 
doing that,” he says. 

He wanted crystals with rims that had 
melted and recrystallized, an assurance that 
the impact had reset a clock in which small 
amounts of radioactive uranium, trapped 
within the crystal, decay into lead. He 
mounted some of the best crystals in epoxy, 
polished them down to a fresh face, and va- 
porized spots on the rims with an ion beam. 
A mass spectrometer measured the abun- 
dance of uranium and lead in the vapor; 
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from the proportions and the known half- 
life of the uranium, he and his colleagues 
could calculate an age. They ended up with a 
date of 2.229 billion years old, plus or minus 
5 million years. 

That puts the impact at a turbulent time 
in Earth’s history. Life had existed for more 
than 1 billion years, but photosynthetic life— 
cyanobacteria living in shallow waters—was 
a recent evolutionary invention, one that 
triggered a sharp rise in atmospheric oxy- 
gen about 2.4 billion years ago. Previously, 
high levels of methane in the atmosphere 
had generated a greenhouse effect that 
warmed the planet. But many scientists 
think the methane was destroyed by chemi- 
cal reactions with Earth’s first ozone, pro- 
duced when ultraviolet light from the sun 
struck the oxygen molecules. They suspect 
loss of methane sent Earth crashing into a 
set of severe and long-lived ice ages, even at 
low latitudes. Three or maybe four of these 
icy episodes took place between 2.45 billion 
and 2.22 billion years ago, which means 
Australia might have been covered in ice at 
the time of the Yarrabubba impact. 

Scientists have assumed that volcanic 
eruptions ended the ice ages, by belching 
carbon dioxide and warming the planet. 
But Erickson and his colleagues speculate 
that Yarrabubba could have helped. They 
modeled the effect of a 7-kilometer-wide as- 
teroid striking an ice sheet between 2 and 
5 kilometers thick. They found the impact 
could have spread dust thousands of kilo- 
meters, darkening ice and enhancing its 
ability to absorb heat. It also would have 
sent half a trillion tons of steam into the 
stratosphere—orders of magnitude more 
water vapor than in today’s stratosphere— 
where it would have trapped heat. 

Andrey Bekker, a geologist at UC Riverside, 
doubts that the water vapor would have per- 
sisted for the centuries needed to thaw Earth. 
“Tm not convinced that by itself it could do 
this job,” he says. Christian Koeberl, an im- 
pact expert and the director general of the 
Natural History Museum in Vienna, shares 
those doubts, but says paleoclimate research- 
ers need to model the effects explicitly. 

If the Yarrabubba impact did thaw the 
planet, allowing life to reclaim icy conti- 
nents and oceans, it wouldn’t be the first 
example of life benefiting from a cosmic 
blow, Koeberl says. Although the public 
tends to associate impacts with extinctions, 
he notes that impacts 4 billion years ago 
could have jump-started life. Asteroids de- 
livered phosphorus, a key nutrient, and the 
impacts also created the protected, energy- 
rich hydrothermal systems where some 
biologists believe life began. “Impacts can 
be bringers of life, impacts can be destroy- 
ers of life,” he says. 
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ENVIRONMENTAL POLICY 


Amazon fires clearly linked to 
deforestation, scientists say 


Brazilian government deflects blame for rise in fire activity 


By Herton Escobar 


razil’s government claims its policies 
aren't responsible for the fires that 
are ravaging the Amazon rainforest 
and triggered worldwide indignation 
last week. President Jair Bolsonaro 
suggested nongovernmental orga- 
nizations were setting the forest ablaze to 
discredit his government; his minister of the 
environment, Ricardo Salles, tweeted that 
“dry weather, wind, and heat” were to blame. 
Scientists dismiss those claims. “There is 
no doubt that this rise in fire activity is as- 
sociated with a sharp rise in deforestation,” 
says Paulo Artaxo, an atmospheric physicist 
at the University of Sao Paulo in Sao Paulo. 
Thousands of fires occur in the Amazon 
annually, but the numbers have risen since 
Bolsonaro became president on 1 January 
and began to encourage development. In 
satellite images, Brazil’s National Institute 
for Space Research (INPE) counted more 
than 41,000 “fire spots” between 1 January 
and 24 August, compared with 22,000 in 
the same period last year. The Global Fire 
Emissions Database, a collaboration be- 
tween NASA’s Goddard Space Flight Center 
in Greenbelt, Maryland and two universi- 
ties, sees a similar trend. The numbers are 
the highest since 2010, when the Amazon 
experienced a severe drought triggered by 
El Nifo and a warming of the North Atlan- 
tic Ocean. This time, climatic anomalies 
can’t explain the uptick, scientists say. 


Deforestation can, at least partly. To clear 
land for farming, settlers fell trees, remove 
valuable timber, and then set fire to the re- 
mainder. Recent INPE data showed defores- 
tation to be on the rise, although Bolsonaro 
called the numbers “a lie” and had INPE 
Director Ricardo Galvao fired (Science, 
2 August, p. 419). The 10 municipalities 
with the highest rate of fire activity are also 
the ones where the forest disappeared most 
rapidly this year, according to the Amazon 
Environmental Research Institute in Belém, 
Brazil. And many of the recently detected 
spots are active for more than a day, burn- 
ing with intense heat and producing tall, 
thick, smoke pillars—all indicators that 
trees are on fire, not overgrown pastures, 
crop residues, or roadside vegetation. 

Bolsonaro has so far rejected interna- 
tional pressure to protect the rainforest. 
He hurled insults at Norway and Germany 
after they suspended contributions to the 
Amazon Fund, which supports conserva- 
tion and sustainable development, and re- 
fused $20 million offered by the G-7 nations 
to help fight the fires. But facing mount- 
ing criticism at home, Bolsonaro ordered 
the military to help combat the fires and 
made a 5-minute TV address to profess his 
“deep love and respect for the Amazon” and 
promise that his administration would “act 
strongly” against the blazes. 


Herton Escobar is a science journalist in 
Sao Paulo, Brazil. 


A forest fire in Altamira, in Brazil's Para state. President Jair Bolsonaro has rejected help from G-7 members. 
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A tough, diverse, colorful weed used in evolutionary studies 
is becoming a key model for plant biology 


aowu Yuan’s passion for monkey- 
flowers began in 2004 with a 
slideshow. Then a budding plant 
taxonomist at the University of 
Washington in Seattle and an avid 
hiker, he was amazed at the variety 
of wildflowers he saw on his out- 
ings in the Cascade mountains. 
Like Charles Darwin, he was vexed 
by what Darwin called an abominable mys- 
tery: How did nature generate such a diver- 
sity of flower colors and forms? During a 
campus seminar, Yuan encountered a plant 
that he thought might yield answers. Uni- 
versity of Washington plant molecular biolo- 
gist H. D. “Toby” Bradshaw and his graduate 
student showed slides documenting as much 
floral diversity within a single monkeyflower 
species as Yuan had seen in the meadows 
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By Elizabeth Pennisi 


and streambanks of the Cascades—all gen- 
erated by mutating the genome of this one 
Mimulus species. 

The revelation changed the course of 
Yuan’s research because he realized such 
mutants could lead to a better understand- 
ing of flower development in all plants. Since 
starting a faculty job at the University of Con- 
necticut (UConn) in Storrs 6 years ago, he 
has been tracking down genes that control 
color, shape, size, and other traits in Mimulus 
flowers—and that may have similar effects in 
other plants. And he is far from the only sci- 
entist to have fallen under the spell of a plant 
best known as a weed that thrives where few 
plants, even other weeds, can grow—around 
abandoned copper mines and hot springs 
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and in other inhospitable, mineral-laden soil. 

Like plant scientists’ traditional lab work- 
horse, the mustard weed Arabidopsis thali- 
ana, monkeyflowers grow fast, produce a 
lot of seeds, and have a simple genome— 
appealing traits for lab studies. But their ex- 
plosion of flower colors and forms, diverse 
lifestyles, and extraordinary hardiness— 
dramatic contrasts to the unassuming A7va- 
bidopsis—have seduced researchers studying 
plant evolution and adaptations. “You can 
use Mimulus to study traits that don’t even 
exist in Arabidopsis,’ Yuan says. 

More than 40 labs now focus on select 
members of Mimulus, a number that has 
doubled in the past decade, says Andrea 
Sweigart, an evolutionary geneticist at the 
University of Georgia in Athens. The National 
Science Foundation (NSF) has funded both 
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individual evolution and ecology projects 
with Mimulus and, more recently, supported 
a $1 million effort to develop efficient tech- 
niques for altering traits in those plants. 

“A large, organized, and growing research 
community is using this system,” says evolu- 
tionary geneticist Theodore Morgan, a pro- 
gram officer at NSF in Alexandria, Virginia. A 
monkeyflower meeting in Providence in June 
drew about 70 biologists, more than triple the 
number who attended the first one 13 years 
ago. The number of publications on Mimulus 
still isn’t huge—about 425—but that tally has 
grown rapidly in the past decade. 

Some researchers are exploring monkey- 
flowers’ own unusual adaptations. But other 
scientists are turning the flowers into a win- 
dow on widespread biological processes. 
Yuan, for example, recently teamed up with 
another lab to use Mimulus mutants with 
odd petal color patterns to provide the most 
detailed example yet of mathematician Alan 
Turing’s scenario for how zebra stripes, leop- 
ard spots, and some floral patterns arise 
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The great diversity of flowers within 
Mimulus is one reason the plants 
have become a popular subject of study. 


in nature. Another team examining how 
monkeyflowers mutate as they grow re- 
vealed a mechanism that may enable many 
plants to evolve faster than animals. 

The field may even have its first seri- 
ous controversy: Some researchers are 
rejecting a recent revision of the monkey- 
flower family tree that split the more than 
100 Mimulus species into multiple genera, 
creating confusion in the scientific literature 
by renaming the most studied monkeyflower 
species. The researchers’ passion is a mea- 
sure of the enthusiasm the new model plant 
arouses. One opponent of the new tree, John 
Willis, an evolutionary geneticist at Duke 
University in Durham, North Carolina, says 
flatly, “We’re not going to take it anymore.” 


LAB SCIENTISTS AREN’T THE FIRST to be fas- 
cinated by Mimulus, which is found world- 
wide, often in the harshest spots, such as the 
bare islands of “serpentine” 
soil that dot the forests of 
California’s Sierra Nevada 
mountains. Plant ecologists 
have conducted field studies 
of wild Mimulus for 80 years. 
Last year, for example, re- 
searchers documented popu- 
lations of Mimulus guttatus 
that contain a mix of in- 
dividuals with different 
flowering times, flower 
sizes, and number of 
seeds produced. The late- 
flowering plants do better 
in wet years, and early- 
flowering ones do better in years when 
drought hits early in the season. Because 
the amount of rain varies from year to year, 
the two variants coexist in a population, al- 
though the proportions change over time. 
The work, reported last year in Science 
(3 August 2018, p. 475), provided long-sought 
proof of an evolutionary phenomenon 
called fluctuating selection, in which chang- 
ing conditions cause a species to evolve in 
multiple directions. Theorists have proposed 
that fluctuating selection helps explain the 
extensive variation seen in many other spe- 
cies besides monkeyflowers. 

At the June Mimulus meeting, Willis re- 
vealed a major clue to another monkey- 
flower mystery: the plants’ affinity for 
serpentine soils. Because they derive from 
Earth mantle rock, those soils are rich in 
iron and magnesium but low in potassium 
and calcium, which plants depend on to 
maintain their cell walls. The soils also tend 
to have little nitrogen, vital for plants, but 
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Red “tongue” Mimulus mutants 
revealed how coloration arises. 


plenty of toxic heavy metals, such as nickel 
and chromium. 

Willis and his Duke postdoc Jessica Selby 
recently crossed serpentine-tolerant monkey- 
flowers with versions of the plant that were 
not growing on serpentine soil. The duo 
tested several generations to identify DNA 
important to the trait. To narrow the hunt 
for relevant genes, Selby collected M. gutta- 
tus specimens from serpentine soils in seven 
places across California and Oregon and 
compared their DNA with that of populations 
of M. guttatus living nearby, on richer soil. 

Both approaches pointed to a gene for 
an enzyme that makes arabinose, a sugar 
found primarily in the plant cell wall, Willis 
reported. That gene varies among M. gut- 
tatus plants, but every plant that can grow 
on serpentine soils has the same mutation. 
It may alter how arabinose interacts with 
other components of the cell wall, some- 
how compensating for the low calcium and 
high magnesium and keeping cell walls 
intact—an idea Willis’s team is testing with 
researchers from the University of Califor- 
nia (UC), Berkeley, and 
Stanford University. 

By harnessing popula- 
tion genetics and other 
gene-finding techniques, 
Willis “was way ahead of 
the curve in seeing how ge- 
nomics could make the tre- 
mendous natural variation 
in plants knowable at the 
level of the gene,” says Lila 
Fishman, an evolutionary 
biologist at the University 
of Montana in Missoula. 
The work could have prac- 
tical benefits as well, adds 
Benjamin Blackman, an evolutionary biolo- 
gist at UC Berkeley: “Learning how plants 
have already adapted to cope with marginal 
soil environments can inform breeding ef- 
forts aimed at developing crops that can 
cope with poor soil.” 

Besides probing monkeyflowers’ own 
special biology, researchers are using them 
to glean more general lessons about plants 
and animals. Take Yuan and Blackman’s 
work on color patterning. Blackman’s lab 
originally studied sunflowers. But MZ. gut- 
tatus appealed to him for studies of the ge- 
netic basis of patterning because its simple 
genome had been sequenced—making it 
easier to test the role of particular genes 
and proteins by genetically modifying the 
plant. Independently, he and Yuan homed 
in on the same protein, which they thought 
might be a key to flower color patterns. 

Yuan and UConn postdoc Baoqing Ding 
had recently tracked down the gene that 
causes red pigment to appear on the yellow 
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lower petal of some Mimulus flowers. The 
red usually appears as a band of speckles, 
which serve as a “nectar guide” for incom- 
ing pollinators. Many types of coloration 
in plants and animals are the result of a 
network of proteins that activate pigment 
genes at specific places and times in the 
body. But Yuan and Blackman wondered 
whether the monkeyflower spots might 
be generated instead through a pattern- 
ing mechanism proposed in the 1950s by 
Turing, who is best known for breaking the 
Germans’ Enigma code in World War II but 
was also a theoretical biologist. 

Turing predicted that some patterns 
emerge from the natural diffusion and in- 


teractions of proteins whose concentrations 
regulate each other’s production. For spots, 
when the gene encoding a cell’s “activator” of 
pigment production turns on, the activator 
protein stimulates its own production and 
that of a “repressor” protein, which diffuses 
beyond the pigmented spot. That second 
molecule shuts down any activator in the 
surrounding cells—causing a white halo. But 
the repressor gets more dilute the farther it 
travels, eventually losing its effect. Then the 
activator can turn on, and a new spot of color 
can form. Color patterns emerge depending 
on the differences in the two proteins’ diffu- 
sion rates (see diagram, below). 

Biologists have long assumed that Turing’s 


Turing’s idea 
takes root 
Spots, stripes, and 
monkeyflower petal 
speckles arise through 
“reaction-diffusion” 
(top right), which 
involves an activator 
protein that turns on 
pigment pathways and 
the production of a 
second protein, which 
inhibits the activator. 


Spot on 


Both the activator and the 
inhibitor diffuse away from the 
cells that produce them, with the 
inhibitor moving faster (above). 


Pigment 
change 


— ~~ occurs 


No change 
=—& in pigment 
from default 


The balance of concentrations 
between the two proteins 
determines whether pigment 


is produced. 


Unimpeded by the inhibitor, an activator colors a cell and spreads to and colors nearby cells. The inhibitor quickly 
diffuses away from the colored cells, causing a nonpigmented halo to form. As this process repeats throughout the 


tissue, multiple spots form, resulting in a periodic pattern. 


Concentration 


Initial condition: high 
concentration of activator 
because of self-activation. 
Activator diffuses. 


Patterns galore 
Monkeyflower hybrids mix different species’ activators 
and inhibitors, altering petal speckle patterns. 
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Pigment spot develops, but 
inhibitor concentration grows 
because of activator activity. 


Activator levels decline at the 
border of the spot because of 
competition from faster-diffusing 
inhibitors. Spot is isolated. 
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mechanism is responsible for zebra stripes 
and leopard spots and perhaps even for 
monkeyflower nectar guides. Indeed, Yuan 
had identified a monkeyflower protein that 
might serve as the activator. But no one had 
identified a full activator-repressor system 
involved in periodic pigmentation patterns. 

Blackman, however, had noticed a clue in 
some wild M. guttatus: They either lacked 
spots or else had just one large red patch, 
which he called a tongue, suggesting part 
of the system was missing. Independently, 
Yuan uncovered a similar red tongue variety 
among mutants he made in another Mimu- 
lus species. When they learned of each other’s 
work, the two joined forces. And at the June 
Mimulus meeting, they reported using the 
red tongue varieties to track down a protein 
dubbed R3-MYB, the repressor counterpart 
to the already known activator protein. 

To confirm that R3-MYB really acted as a 
repressor, Yuan and Blackman both wielded 
molecular tools to block its production. 
Yuan relied on RNA interference, whereas 
Blackman’s team enlisted CRISPR—the 
first use of the genome-editing technology 
in Mimulus. Both techniques led to full red 
tongues on the plants’ petals, Blackman re- 
ported—vivid testimony that the mechanism 
Turing hypothesized can account for some 
of nature’s tapestry. “This work shows how 
Mimulus can provide broad insight into pro- 
cesses that shape biodiversity,’ Sweigart says. 


ANOTHER LINE OF WORK with monkeyflow- 
ers sheds light on biodiversity by revealing 
a mechanism, unique to plants, for rapidly 
adapting to new conditions. Their advan- 
tage, graduate student Jaime Schwoch of 
Portland State University in Oregon found, 
is rooted in the way they produce reproduc- 
tive cells. In animals, the cells that mature 
into eggs and sperm are sequestered early 
in development, and they don’t divide until 
the organism sexually matures. That pro- 
tects them from division-related mutations 
that occur in the organism’s nongerm, or 
somatic, tissues. But flowers, which con- 
tain both kinds of germ cells—pollen and 
ova—form from active somatic tissue at the 
tips of growing stems. Any mutations oc- 
curring in the dividing cells of a stem will 
be locked into the germ cells and can pass 
on to the next generation. 

Given that somatic tissue mutations 
should accumulate in a plant’s germ cells 
over successive generations, Schwoch won- 
dered why plants don’t wind up with many 
more such mutations than animals—and 
a greater burden of harmful ones. In fact, 
as the somatic parts of both plants and 
animals grow, their cells accumulate about 
one mutation per million bases per cell di- 
vision, so plant germ cells should have far 


sciencemag.org SCIENCE 


CREDITS: (GRAPHIC) V. ALTOUNIAN/SCIENCE; (IMAGES) QIAOSHAN LIN AND BAOQING DING 


Me. 


PHOTOS: (TOP TO BOTTOM) JESSICA PACKARD SELBY; JAIME SCHWOCH 


i 
4 
H 
i 
G 
{ 


ASSES — rit 


Many monkeyflowers thrive in inhospitable, mineral-laden soils, like this spot in Lake County in California, and plant biologists are starting to understand how they do it. 


more mutations than animal germ cells. 
But they don’t. And deleterious mutations 
are surprisingly scarce in plants, Schwoch 
found when she compared two sets of 
monkeyflowers. She produced one by self- 
fertilizing Mimulus flowers with each 
flower’s own pollen, the other by fertilizing 
flowers with pollen from flowers on another 
stem of the same plant. The latter is the 
equivalent of a cross between different par- 
ents, because each stem acquires a unique 
set of mutations as it grows. 

Self-fertilization, like inbreeding in ani- 
mals, should pair up harmful recessive mu- 
tations, so Schwoch expected the crosses 
that used pollen from one stem on flowers 
from another to do better. But some of the 
more prolific, healthier plants came from 
progeny derived from a single stem, she 
reported at the Evolution 2019 meeting, 
also in Providence in June. That find- 
ing suggested the plants were somehow 
eliminating harmful mutations in their 
somatic cells and accumulating benefi- 
cial ones for their reproductive cells. 

To verify that sorting process, 
Schwoch grew Mimulus plants for 
6 months in saltier-than-normal con- 
ditions and then sequenced DNA from 
their tips, taking note of new muta- 
tions and how often the mutations 
appeared in the sequenced material. 
Such mutations should occur in low 
frequencies, so when she found one 
that occurred in many cells of the 
plant tip, she inferred that the origi- 
nal cell with that mutation had grown 
much faster than cells without it and 
replaced them. 
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The rate of mutations doubled under the 
salt stress, she reported. Moreover, cells 
carrying mutations that improve salt toler- 
ance proved more likely to persist in stems, 
whereas less well-adapted cells died out. 
The survivors made it into the germ line, 
so the within-lifetime innovations were 
passed on to subsequent flowers and pollen. 
The process means “plants can adapt very 
quickly” to tough situations, Schwoch said. 

Duke evolutionary biologist Jennifer 
Coughlan is impressed. “This work has 
broad significance for all plants, but in 
particular for long-lived perennial plants, 
[which] accumulate many mutations 
across their lifetimes,” she says. Sweigart 
predicts that Schwoch will quickly unearth 
the specific mutations that produced the salt 


Growing monkeyflowers in salty conditions has helped reveal how 
plants weed out deleterious mutations. 
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tolerance: Mimulus “has great genetic and 
genomic resources, so it should be possible 
to identify the precise molecular changes 
that have occurred” in her salt-tolerant 
plants, Sweigart says. And the lessons from 
monkeyflowers may point to ways to make 
other plants, including crops, more toler- 
ant of salty soils, researchers suggest. 


JUST WHEN INVESTIGATORS are flocking to 
monkeyflowers, the monkeyflowers may 
be scattering—at least taxonomically. A 
2012 evaluation of the Mimulus family tree 
placed some of the better-studied monkey- 
flower species in other genera. For exam- 
ple, the popular M. guttatus is now named 
Erythranthe guttata. The Mimulus genus 
itself kept only seven species of the origi- 
nal 165-plus. Adopting new designa- 
tions for many Mimulus species will 
lead to chaos in the scientific litera- 
ture, some researchers in the field say. 

Among monkeyflower researchers, 
the reclassification provoked a mi- 
nor rebellion. Most did not use the 
new names in their presentations at 
the Mimulus conference or the sub- 
sequent Evolution meeting. A paper 
in press in the journal Taxon argues 
for a different, less disruptive reclas- 
sification, and Willis says that makes 
sense. “You either rename 150 species, 
or you rename 20 somewhat obscure 
species and call them all Mimulus,’ 
he notes. 

A Mimulus by any other name 
might smell as sweet, but most bio- 
logists don’t want to monkey around 
with their new favorite plant. & 
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Protecting elections 
from social media 


manipulation 


Rigorous causal analysis could help 
harden democracy against future attacks 


By Sinan Aral*?* and Dean Eckles’?” 


o what extent are democratic elec- 
tions vulnerable to social media ma- 
nipulation? The fractured state of 
research and evidence on this most 
important question facing democracy 
is reflected in the range of disagree- 
ment among experts. Facebook chief execu- 
tive officer Mark Zuckerberg has repeatedly 
called on the U.S. government to regulate 
election manipulation through social me- 
dia. But we cannot manage what we do not 
measure. Without an organized research 
agenda that informs policy, democracies 
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will remain vulnerable to foreign and do- 
mestic attacks. Thankfully, social media’s 
effects are, in our view, eminently measur- 
able. Here, we advocate a research agenda 
for measuring social media manipulation 
of elections, highlight underutilized ap- 
proaches to rigorous causal inference, and 
discuss political, legal, and ethical implica- 
tions of undertaking such analysis. Consid- 
eration of this research agenda illuminates 
the need to overcome important trade-offs 
for public and corporate policy—for exam- 
ple, between election integrity and privacy. 
We have promising research tools, but they 
have not been applied to election manipula- 
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tion, mainly because of a lack of access to 
data and lack of cooperation from the plat- 
forms (driven in part by public policy and 
political constraints). 

Two recent studies commissioned by 
the U.S. Senate Intelligence Committee 
detail Russian misinformation campaigns 
targeting hundreds of millions of US. citi- 
zens during the 2016 presidential election. 
The reports highlight, but do not answer, 


1Sloan School of Management, Massachusetts Institute of 
Technology (MIT), Cambridge, MA, USA. “Institute for Data, 
Systems, and Society, MIT, Cambridge, MA, USA. *Manifest 
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whether social media manipulation may 
have influenced the outcome. Some experts 
argue that Russia-sponsored content on 
social media likely did not decide the elec- 
tion because Russian-linked spending and 
exposure to fake news (J, 2) were small- 
scale. Others contend that a combination of 
Russian trolls and hacking likely tipped the 
election for Donald Trump (3). Similar dis- 
agreements exist about the UK referendum 
on leaving the European Union and recent 
elections in Brazil, Sweden, and India. 
Such disagreement is understandable, 
given the distinctive challenges of study- 
ing social media manipulation of elections. 
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For example, unlike the majority of linear 
television advertising, social media can be 
personally targeted; assessing its reach re- 
quires analysis of paid and unpaid media, 
ranking algorithms and advertising auc- 
tions; and causal analysis is necessary to 
understand how social media changes opin- 
ions and voting. 

Luckily, much of the necessary methodol- 
ogy has already been developed. A growing 
body of literature illuminates how social 
media influences behavior. Analysis of mis- 
information on Twitter and Facebook (4, 5), 
and randomized and natural experiments 
involving hundreds of millions of people on 
various platforms, have shown how social 
media changes how we shop, read, and ex- 
ercise [e.g., (6, 7)]. Similar methods can and 
should be applied to voting (8). 

Research on election manipulation will be 
enabled and constrained by parallel policy 
initiatives that aim, for example, to protect 
privacy. Although privacy legislation may 
prohibit retention of consumer data, such 
data may also be critical to understanding 
how to harden our democracies against ma- 
nipulation. To preserve democracy in the 
digital age, we must manage these trade- 
offs and overcome multidisciplinary meth- 
odological challenges simultaneously. 


MEASURING MANIPULATION 

We propose a four-step research agenda for 
estimating the causal effects of social me- 
dia manipulation on voter turnout and vote 
choice (see the figure). We also describe 
analysis of the indirect, systemic effects of 
social media manipulation on campaign 
messaging and the news cycle (see supple- 
mentary materials for further details). 

Step 1: We must catalog exposures to ma- 
nipulation, which we define as impressions 
(i.e., serving of an ad or message to a viewer) 
of paid and organic manipulative content 
(9) (e.g., false content intended to deceive 
voters, or even true content propagated by 
foreign actors, who are banned from partici- 
pating in domestic political processes, with 
the intent of manipulating voters). To do so, 
we must evaluate the reach of manipulation 
campaigns and analyze the targeting strate- 
gies that distribute these impressions. For 
example, we need to know which text, im- 
age, and video messages were advertised, or- 
ganically posted, and “boosted” through paid 
advertising, and on which platforms, as well 
as when and how each of these messages was 
shared and reshared by voters (2) and inau- 
thentic accounts. Here, understanding social 
multiplier effects, or how individuals influ- 
ence each other, will be essential, and the 
literature on peer effects in social networks 
describes how our peers change our behavior 
(6-8). The content of the messages should 
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also be analyzed to assess the effectiveness of 
particular textual, image, and video content 
in changing opinions and behavior. 

Much prior work on exposure to and diffu- 
sion of (mis)information has relied on prox- 
ies for exposure, such as who follows whom 
on social media (2, 4), though some has also 
investigated logs of impressions, recognizing 
the role of algorithmic ranking and auctions 
in determining exposure [e.g., (5, 10)]. Given 
prior work on the rapid decay of advertis- 
ing effects, it is important to consider when 
these exposures occurred, as recent work 
suggests that exposure to misinformation 
may increase just prior to an election and 
wane immediately afterward (2). 

Step 2: We must combine exposure data 
with data on voting behavior. Data about 
voter turnout in the United States are read- 
ily available in public records (e.g., registered 
voters’ names, addresses, party affiliations, 
and when they voted). Prior work has 
matched social media accounts and public 
voting records using relatively coarse data 
(e.g., residences inferred from self-reported 
profile data and group-level, anonymous 
matching procedures) (2, 8), in part be- 
cause of privacy concerns, resulting in low 
match rates that limit statistical power and 
representativeness. This could be substan- 
tially improved, for example, by using the 
rich location data possessed by social media 
platforms, similar to that already sold and 
reused for marketing purposes (e.g., match- 
ing voter registrations with inferred home 
addresses based on mobile and other loca- 
tion data), rather than simply matching vot- 
ers by name and age at the state level. 

In contrast to turnout data, vote choices 
in the United States are secret and thus only 
measurable in aggregate (e.g., precinct-level 
vote totals and shares) or sparsely and in- 
directly through surveys (e.g., exit polls). 
Thus, exposure data would need to be ag- 
gregated, at the precinct, district, or state 
levels, before combining it with vote choice 
data, making it likely that estimates of voter 
turnout effects will be more precise than es- 
timates of vote choice effects. 

Experiments demonstrate that persua- 
sive interventions can substantially affect 
voter turnout. But, when assessing turnout, 
it is important to remember that voting is 
habitual. Effective manipulation therefore 
likely requires targeting occasional voters 
in battleground regions. In social media, 
however, this type of targeting is possible 
and took place during the 2016 U.S. presi- 
dential election. Analysis of the precision of 
targeting efforts is essential to understand- 
ing voter turnout effects. 

Influencing vote choice is more difficult 
because likely voters have strong prior be- 
liefs. However, even the pessimistic litera- 
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ture on vote choice allows for substantial 
effects, especially when targeted messages 
change voters’ beliefs. In a meta-analysis 
of 16 field experiments, Kalla and Broock- 
man (J1) report a wide 95% confidence 
interval (CI) of [-0.27%, 0.83%] for the ef- 
fect of impersonal contact (e.g., mail, ads) 
on vote choice within 2 months of general 
elections, and larger, more significant ef- 
fects in primaries and on _ issue-specific 
ballot measures. In Rogers and Nickerson 
(12), informing recipients in favor of abor- 
tion rights that a candidate was not consis- 
tently supportive of such rights had a 3.90% 
[95% CI: 1.16%, 6.64%] effect on reported 
vote choice. Such prior beliefs are predict- 
able and addressable in manipulation cam- 
paigns through social media targeting and 
thus measurable in studies of the effective- 
ness of such manipulation. 

Step 3: We must assess the effects of ma- 
nipulative messages on opinions and _ be- 
havior. This requires a rigorous approach 


and embrace causal inference. We must 
analyze similar people exposed to vary- 
ing levels of misinformation, perhaps due 
to random chance or explicit randomiza- 
tion by firms and campaigns. Fortunately, 
there are many, until-now largely ignored, 
sources of such random variation. For ex- 
ample, Facebook and Twitter constantly 
test new variations on their feed ranking 
algorithms, which cause people to be ex- 
posed to varying levels of different types 
of content. Some preliminary analysis sug- 
gests that an A/B test run by Facebook 
during the 2012 U.S. presidential election 
caused over 1 million Americans to be 
exposed to more “hard news” from estab- 
lished sources, affecting political knowl- 
edge, policy preferences, and voter turnout 
(10). Most of these routine experiments are 
not intended specifically to modulate expo- 
sure to political content, but recent work 
has illustrated how the random variation 
produced by hundreds or thousands of 
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ASSESS MESSAGE ASSESS TARGETING ASSESS CAUSAL ASSESS EFFECTS ON 
CONTENT AND REACH AND EXPOSURE BEHAVIOR CHANGE VOTING BEHAVIOR 
How many messages Who was exposed to How did messages How did opinion and 


spread? which messages? 


change opinions 
and behavior? 


behavior change alter 
voting outcomes? 


Analysis of paid and organic 
information diffusion 


Analysis of targeting 
and messaging exposure 


Causal statistical 
analysis of opinion 
and behavior change 


Counterfactual analysis 
of deviations from 
expected voting 


Measure impressions 
through paid media 
and sharing 


Evaluate targeting 
campaigns and impression 
distributions 


to causal inference, as naive, observational 
approaches would neglect the confound- 
ing factors that cause both exposure and 
voting behavior (e.g., voters targeted with 
such content are more likely to be sympa- 
thetic to it). Evaluations using randomized 
experiments have shown that observational 
estimates of social media influence with- 
out careful causal inference are frequently 
off by more than 100%. Effects of nonpaid 
exposures, estimated without causal infer- 
ence, have been off by as much as 300 to 
700%. Yet, causal claims about why social 
media messages spread are routinely made 
without any discussion of causal inference. 
Widely publicized claims about the ef- 
fectiveness of targeting voters by inferred 
personality traits, as allegedly conducted 
by Cambridge Analytica, were not based on 
randomized experiments or any other rigor- 
ous causal inference and therefore plausibly 
suffer from similar biases. 

To credibly estimate the effects of mis- 
information on changes in opinions and 
behaviors, we must change our approach 
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Evaluate causal effects 
across individuals and 
segments 


Measure deviations 
from expected voting 
behavior 


routine tests, of the kind these platforms 
conduct every day, can be used to estimate 
the effects of exposure to such content (13). 
Such experiments could facilitate measure- 
ment of both direct effects (e.g., effects of 
manipulative content on recipients) and 
indirect “spillover” effects (e.g., word of 
mouth from recipients to peers), though 
other methods for estimating the latter 
also exist (6-8). 

One important challenge is that statisti- 
cal precision is often inadequate to answer 
many questions about effects on voter be- 
havior. For example, randomized experi- 
ments conducted by Facebook in the 2010 
and 2012 U.S. elections only barely de- 
tected effects on turnout—even though the 
estimated effects imply that a minimal in- 
tervention caused hundreds of thousands 
of additional votes to be cast [e.g., (8)]. 
The lack of statistical precision in those 
studies arose in part because only about 
a tenth of users were uniquely matched 
to voter records, which, as we note, could 
be improved upon. Furthermore, unlike 
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television advertising, much less of the as- 
good-as-random variation in exposure to 
social media may be within, not between, 
geographic areas, making effects on aggre- 
gate vote shares more difficult to detect. 
Such imprecision can be misleading, sug- 
gesting that online advertising does not 
work simply because the effects were too 
small to detect in a given study (14), even 
though the results were consistent with 
markedly low costs per incremental vote, 
making engagement in such campaigns 
economically rational. 

Step 4: We must compute the aggregate 
consequences of changes in voting behav- 
ior for election outcomes. To do so, we 
would combine summaries of individual- 
level counterfactuals (i.e., predicted voter 
behavior with and without exposure) with 
data on the abundance of exposed voters by 
geographic, demographic, and other char- 
acteristics in specific elections. This would 
enable estimates and confidence intervals 
for vote totals in specific states or regions 
if a social media manipulation campaign 
had not been conducted. Although some 
of these confidence intervals will include 
vote totals that do or do not alter the win- 
ner in a particular contest, the ranges of 
counterfactual outcomes would still be 
informative about how such manipulation 
can alter elections. Although it remains 
to be seen exactly how precise the result- 
ing estimates of the effects of exposure to 
misinformation would be, even sufficiently 
precise and carefully communicated null 
results could exclude scenarios currently 
posited by many commentators. 

Research should also address the sys- 
temic effects of social media manipulation, 
like countermessaging and feedback on the 
news cycle itself. Countermessaging could 
be studied in, for example, the replies to 
and debunking of fake news on Facebook 
and Twitter (4, 5) and whether the emer- 
gence of fake stories alters the narrative 
trajectories of messaging by campaigns 
or other interested groups. Feedback into 
the news cycle could be studied by examin- 
ing the causal impact of manipulation on 
the topical content of news coverage. For 
example, Ananya Sen and Pinar Yildirim 
have used as-good-as-random variation in 
the weather to show that more viewership 
to particular news stories causes publish- 
ers to write more stories on those topics. A 
similar approach could determine whether 
attention to misinformation alters the top- 
ical trajectory of the news cycle. 

We believe near-real-time and ex post 
analysis are both possible and helpful. The 
bulk of what we are proposing is ex post 
analysis of what happened, which can then 
be used to design platforms and policy to 
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prevent future manipulation. The pace at 
which voting data (whether in primaries 
or general elections) become available is a 
key limitation. But real-time detection of 
manipulation efforts and reaction to them 
could also be designed, similar to tactics in 
digital advertising that estimate targeting 
models offline and then implement real- 
time bidding based on those estimates. Ex- 
perimental analysis of the effect of social 
media on behavior change can be spun up 
and conducted by the platforms in a mat- 
ter of days and analyzed in a week. 


LEGAL, ETHICAL, AND POLITICAL 
IMPLICATIONS 

We have described what a rigorous analysis 
of social media manipulation would entail, 
but have also assumed that the data re- 
quired to conduct it are available for anal- 
ysis. But does the social media data that 
we describe above, especially data about 
the content that individuals were exposed 
to, exist retrospectively or 
going forward? Social me- 
dia companies routinely log 
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regarded as data misuse. Thus, we do not 
unconditionally advocate the use of any 
and all existing data for the proposed anal- 
yses. Instead, privacy-preserving methods 
for record linkage and content analysis, 
such as differential privacy (5), could help 
manage trade-offs between the need for 
privacy and the need to protect democracy. 

Hardening democracies to manipula- 
tion will take extraordinary political and 
commercial will. Politicians in the United 
States, for example, may have counter- 
vailing incentives to support or oppose a 
postmortem on Russian interference, and 
companies like Facebook, Twitter, and 
Google face pressure to secure personal 
data. Perhaps this is why Social Science 
One, the forward-looking industry-aca- 
demic partnership working to provide ac- 
cess to funding and Facebook data to study 
the effects of social media on democracy, 
faced long delays in securing access to 
any data, and why its most recent release 
does not include any data 
relevant to a postmortem 
on Russian interference in 
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Data Protection Regulation 

(GDPR) encourages firms to comply with 
user requests to delete data about them, 
including content that they have posted. 
An audit by the office of the Irish Data Pro- 
tection Commissioner caused Facebook to 
implement similar policies in 2012. Thus, 
without targeted retention, it may be dif- 
ficult for firms to accurately quantify 
exposures for users who deleted their ac- 
counts or were exposed to content deleted 
by others. We should recognize that well- 
intentioned privacy regulations, though 
important, may also impede assessments 
like the one that we propose. Similarly, 
proposed legislation in the United States 
(the DETOUR Act) could make many rou- 
tine randomized experiments by these 
firms illegal (Senate Bill 1084), making fu- 
ture retrospective analyses more difficult 
and, of course, making ongoing efforts by 
those firms to limit such manipulation less 
data-driven. 

Even if such data are available, it is not 
obvious that we should accept world gov- 
ernments demanding access to or analy- 
ses of those data to quantify the effects of 
speech in elections. Although we suggest 
that linking datasets could be achieved us- 
ing rich location data routinely used for 
marketing, such use may be reasonably 
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others. Perhaps only mount- 
ing pressure from legislators and the pub- 
lic will empower experts with the access 
they need to do the work that is required. 

Research collaborations with social me- 
dia platforms, like that being undertaken 
by Social Science One, can facilitate ac- 
cess to important data for understanding 
democracy’s vulnerability to social media 
manipulation. We hope the realization that 
the analysis we propose is bigger than any 
one election and essential to protecting de- 
mocracies worldwide will help overcome 
partisanship and myopic commercial in- 
terests in making the necessary data avail- 
able, in privacy-preserving ways. 

However, it is important to note that 
prior work has linked social media mes- 
saging to validated voting, both with the 
assistance of the social media platforms 
(8) and without it (2). Although collabora- 
tion with the platforms is preferable, it is 
not the only way to assess manipulation. 
In the absence of commercial or govern- 
mental support for postmortems on past 
elections, active analysis of ongoing infor- 
mation operations, conducted according to 
the framework that we propose, is a viable 
and valuable alternative. A detailed under- 
standing of country-specific regulations 
and election procedures is necessary for ro- 
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bust analysis of the effects of social media 
manipulation on democracies worldwide. 

Our suggested approach emphasizes 
precise causal inference, but this should 
be complemented with surveys, ethnogra- 
phies, and analysis of observational data 
to understand the mechanisms through 
which manipulation can affect opinions 
and behavior. 

Achieving a scientific understanding of 
the effects of social media manipulation on 
elections is an important civic duty. With- 
out it, democracies remain vulnerable. The 
sooner we begin a public discussion of the 
trade-offs between privacy, free speech, 
and democracy that arise from the pursuit 
of this science, the sooner we can realize a 
path forward. 
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The immunological code of pregnancy 


Maternal immune cells interact with the placenta and influence pregnancy complications 


By Francesco Colucci 


arious factors contribute to the hy- 

pertensive placental disease pre- 

eclampsia, fetal growth restriction 

(FGR), spontaneous abortion, pre- 

term labor, and stillbirth. Some of 

these problems are due to placental 
dysfunction (7). The placenta attaches to 
and invades deep into the decidua, the spe- 
cialized uterine mucosa that is rich in ma- 
ternal immune cells. Because the placenta 
is formed from the fetus and contains ge- 
netic material from another individual (the 
father), it should be targeted by the mater- 
nal immune system but it usually is not. By 
understanding the interactions between the 
placenta and the maternal immune system, 
interventions to improve pregnancy out- 
comes could be developed. 

An example of how immunological in- 
compatibility can cause pathology is rhe- 
sus (Rh) disease. Immunity is passed from 
mother to fetus through neonatal Fc recep- 
tors on placental cells (trophoblasts) that 
bind immunoglobulin G (IgG) antibodies. 
These maternal antibodies protect neonates 
while their own antibodies are developing. 
But in blood group-mismatched pregnan- 
cies, maternal antibodies against the RhD 
antigen made by Rh-negative mothers are 
also transported through the placenta and 
destroy Rh-positive fetal red blood cells, 
causing severe anemia. Understanding the 
basic mechanisms of this fetal disease has 
led to a successful preventive treatment with 
immunotherapy. 

Interactions within the decidua are im- 
portant to understand most pregnancy com- 
plications (see the figure). The placenta is 
formed from embryonic trophoblast cells, 
and their invasion into the decidua ensures 
that the developing embryo acquires nutri- 
ents and oxygen from maternal blood. The 
interactions between maternal decidual im- 
mune cells and fetal trophoblast cells trans- 
forms uterine arteries into flaccid, large 
conduits, called spiral arteries, where cir- 
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culation is slowed down. Appendices (villi) 
of the placenta bathe in the blood within 
spiral arteries, absorbing nutrients and ex- 
changing gases needed for fetal growth. 
Shallow trophoblast invasion is associated 
with preeclampsia, FGR, and miscarriage (1), 
whereas excessive invasion causes placenta 
accreta, which can lead to fatal hemorrhage 
during birth. The cross-talk between tropho- 
blast and immune cells in the decidua is key 
to the depth of trophoblast invasion (2). 
Obstetrics research is challenging because 
of the constantly changing nature of tissues 
and the difficulty in accessing them, espe- 
cially during the first trimester. An additional 
challenge is to decode the function of tissue- 
resident immune cells, which may adapt to 
specific microenvironments. Moreover, each 
mammalian species has evolved its own 
placentation process. The placenta in mice 
and humans is hemochorial, meaning that 
extravillous trophoblast (EVT) cells invade 
the decidua, although the degree of invasion 
is greater in humans. Another similarity is 
that cells of the innate immune system are 
most abundant in the decidua compared to 
other tissues. These include decidual natural 
killer (ANK) cells and macrophages, as well 
as dendritic cells (DCs) and T cells, including 
immunosuppressive regulatory T cells (Tee) 
(2). In mice, ee are induced at conception 
in the female reproductive tract by cytokines 
in semen, they expand in subsequent preg- 
nancies, and their depletion causes abortion. 
In humans, Cs are fewer and less functional 
in preeclampsia (3). The role of decidual Tee 
may not be to suppress immune responses, 
because maternal immune cells that might 
cause placental dysfunction by targeting pa- 
ternal antigens and must therefore be con- 
trolled by hee have never been identified. 
Directly or indirectly through modulating 
the functions of dNK cells, macrophages, 
and DCs in the decidua, Ae may partici- 
pate in tissue remodeling, as demonstrated 
in adipose tissue, muscle, and intestine (4). 
They may also regulate the transformation 
of the endometrial lining of the uterus into 
decidua (decidualization), implantation, and 
vascular adaptations during placentation. 
Exaggerated inflammation during preg- 
nancy in response to infections such as in- 
fluenza can be fatal to mother and fetus. 
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Placental ischemia triggers systemic inflam- 
matory responses of maternal endothelial 
cells (which line blood vessels), leading to 
hypertension in preeclampsia. However, in- 
flammation and the innate immune system 
might have become integral to the necessary 
destruction and regeneration of the uterine 
mucosa during the menstrual cycle and in 
pregnancy. Immunological mechanisms that 
had originally evolved to destroy and repair 
might have been co-opted to participate in 
successful placental invasion. Traditional 
ideas about immunity and pregnancy sug- 
gest that immunological tolerance of non-self 
tissues must prevail and, for the pregnancy to 
succeed, maternal immune cells must be pre- 
vented from responding to paternal antigens 
in the fetus. The emerging idea is that the 
invasive type of placentation in humans and 
mice has coevolved with the immune system 
to both maximize the benefits and minimize 
the hazards of cross-talk between trophoblast 
and immune cells, rather than avoiding ma- 
ternal immune responses in the decidua. 
The need for functional immune cells at 
the maternal-fetal interface is exemplified by 
dNK cells. Although blood NK cells kill vi- 
rally infected and cancerous cells, dNK cells 
are involved in tissue homeostasis rather 
than in killing. In mice, dNK cells are neces- 
sary for uterine vascular adaptations during 
pregnancy (5). In humans and mice, dNK 
cells seem to participate in controlling tro- 
phoblast invasion and transforming uterine 
blood vessels into spiral arteries. Genetic 
evidence in humans and mice suggests that 
excessive inhibition of dNK cell function im- 
pedes both decidual arterial remodeling and 
fetal growth (6). Maternal dNK cells and fetal 
trophoblast cells establish intimate connec- 
tions through receptor-ligand interactions, 
and these may be the key to cracking the 
immunological code of pregnancy. The main 
determinants of immune tolerance—the ex- 
tremely variable human leukocyte antigen 
(HLA) molecules that present antigens to T 
cells—are not expressed by the outer layer of 
the placenta (syncytiotrophoblast), thereby 
avoiding any possible recognition of paternal 
antigens by maternal immune cells. How- 
ever, human fetal EVT cells express invari- 
able HLA-E and HLA-G, and variable HLA-C, 
which can be derived from either parent and 


sciencemag.org SCIENCE 


GRAPHIC: KELLIE HOLOSKI/SCIENCE 


can differ from pregnancy to pregnancy, 
even in the same couple. All HLA-C allotypes 
can bind variable dNK receptors, called killer 
cell immunoglobulin-like receptors (KIRs), 
which can be activating or inhibitory. Com- 
binations of maternal K7R and fetal HLA-C 
genetic variants that activate dNK cells may 
attract EVT cells and enhance placental per- 
fusion, thus improving placental invasion 
and promoting fetal growth. Conversely, 
combinations that inhibit dNK cells may 
impede trophoblast invasion and contribute 
to preeclampsia and FGR (6). Similar mecha- 
nisms also seem to occur in mice (7). 

Other receptor-ligand pairs between dNK 
cells and trophoblasts may also be important 
to human placentation, such as the inhibitory 
receptors NK group 2A (NKG2A) and leuko- 
cyte immunoglobulin-like 
receptor Bl (LILRB1) (also 
expressed on macrophages), 
which bind to HLA-E and 
HLA-G, respectively. It has 
become apparent that, like 
adaptive immune responses, 
innate immunity also has 
some form of memory. Dur- 
ing first pregnancies, LILRB1 
and the activating receptor 
NKG2C (which also binds 
HLA-E) may trigger epigen- 
etic DNA modifications in 
some dNK cells, potentially 
making them more active 
in subsequent pregnancies, 
which are less prone to pre- 
eclampsia provided the male 
partner does not change (8). 
Therefore, some form of im- 
munological memory may 
facilitate placental invasion into the decidua. 

The cellular networks operating in the 
decidua and placenta are starting to be re- 
vealed by technological advances. RNA se- 
quencing in mouse dNK cells and related 
innate lymphoid cells (ILCs) has revealed 
further specialization of these cells in the 
decidua, where subpopulations of ILCs may 
play distinct roles in trophoblast invasion 
and vascular remodeling, immune defenses, 
and immunological memory (9). Single-cell 
RNA sequencing of the human maternal- 
fetal interface has begun to identify cellu- 
lar and molecular networks (0). Decidual 
stromal cells produce interleukin-15 (IL-15), 
the key dNK cell growth factor. Fetal EVT 
cells produce transforming growth factor 
68 (TGFB), which promotes differentiation 
of maternal lige Three subpopulations of 
dNK cells interact with both maternal and 
fetal cells using different receptor-ligand 
combinations (10). Analysis of both cell 
suspensions and tissue sections by mass cy- 
tometry should provide new functional and 
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spatial information. Organoids (three-di- 
mensional cell cultures that form structures 
morphologically similar to tissues in vivo) 
(11) of human trophoblasts cocultured with 
maternal immune cells with defined genetic 
backgrounds could also help to study these 
complex interactions. 

Maternal and fetal cells in the decidua 
and placenta do not operate in isolation, 
and metabolism has a considerable impact 
on immune cell function. How do nutrition 
and oxygen concentration influence these 
interactions? Metabolomics analyses of the 
human placenta have started to decipher the 
differences between metabolites in maternal 
and fetal tissues (22) and might eventually 
integrate our growing appreciation of how 
metabolism shapes immune functions. Do 


Some maternal-fetal interactions in the decidua 
Trophoblast cells transform uterine arteries into spiral arteries. Extravillous trophoblast 
cells bud off the placental villi to invade the decidua, where they interact with maternal 
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microorganisms influence the immunology 
of placentation, thereby contributing to preg- 
nancy complications? Labor may be precipi- 
tated by intrauterine infections, leading to 
preterm birth. The human genome harbors 
DNA from retroviruses that have helped tro- 
phoblasts to fuse together to form the syn- 
cytiotrophoblast, which separates the fetus 
from maternal blood. Maternal microbes or 
their products may influence fetal-placental 
development, and some evidence suggests 
that microbiota in the placenta and amniotic 
fluid may colonize the fetal gut in utero (73). 
However, other findings do not support the 
existence of a placental microbiota (/4), and 
further research is needed. 

Once cellular and molecular networks 
that regulate placentation are identified, the 
challenge will be to understand how these 
are altered in pregnancy complications. Are 
we ready to manipulate the human immune 
system during pregnancy to prevent com- 
plications? Despite the precedent of immu- 
notherapy to prevent Rh disease, it remains 
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too risky to interfere with the maternal im- 
mune system. Currently, anti-inflammatory 
and immunosuppressive drugs such as as- 
pirin, hydroxychloroquine, and steroids are 
used to improve the outcome of preeclamp- 
sia, antiphospholipid syndrome (in which 
antibodies cause thrombosis and, in turn, 
potentially miscarriage), and chronic in- 
flammation of the placental villi, or even to 
improve fertility. The benefit of these treat- 
ments is generally minimal and probably 
not specific. For example, aspirin may help 
treat preeclampsia because it reduces sys- 
temic endothelial inflammatory responses, 
but its use does not correct the primary de- 
fect at the maternal-fetal interface. There 
is optimism about immune checkpoint in- 
hibitors (ICIs) to treat patients with can- 
cer. These antibodies block 
inhibitory receptors and 
can reawaken antitumor 
immune responses to can- 
cer cells, thereby improving 
survival. Subsets of dNK 
cells and T cells in the de- 
cidua express inhibitory re- 
ceptors that can be targeted 
by ICIs, and trophoblasts 
express ligands for some of 
CSFIR these receptors (JO). Treat- 
ing pregnant mice with ICIs 
causes fetal loss. However, 
three patients with mela- 
noma treated with ICIs sur- 
vived and had _ successful 
pregnancy outcomes [one 
case reported in (15)], il- 
lustrating the possibility of 
immunotherapy to target 
the maternal-fetal interface. 
Researchers are just starting to crack the 
immunological code of pregnancy and may 
one day intervene to improve outcomes. 
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AI surpasses humans at six-player poker 


Self-learning Pluribus beats five humans in Texas hold’em showdown 


By Alan Blair and Abdallah Saffidine 


uperhuman performance by artificial 
intelligence (AI) has been demon- 
strated in two-player, deterministic, 
zero-sum, perfect-information games 
(7) such as chess, checkers (2), Hex, 
and Go (3). Research using AI has 
broadened to include games with challenging 
attributes such as randomness, multiple play- 
ers, or imperfect information. Randomness 
is a feature of dice games, and card games 
include the additional complexity that each 
player sees some cards that are hidden from 
others. These aspects more closely resemble 
real-world situations, and this research may 
thus lead to algorithms with wider applica- 
bility. On page 885 of this issue, Brown and 
Sandholm (4) show that a new computer 
player called Pluribus exceeds human perfor- 
mance for six-player Texas hold’em poker. 

Texas hold’em is a variant of poker where 
each player has two hidden cards and five 
communal cards from which to make the 
best poker hand. Scientists have previously 
demonstrated superhuman performance 
for two-player versions of the game: limit 
hold’em, where bets are capped (5), and no- 
limit hold’em, where they are not capped (6). 
Exceeding human performance in the six- 
player version had remained a challenge. 

Games with three or more players repre- 
sent a challenge for game theory. For two 
player, zero-sum games, a strategy exists 
where no player can improve their chances 
by switching to a different strategy. This 
so-called Nash equilibrium is considered 
a solution to the game. For multiplayer 
games, the expected reward may vary from 
one Nash equilibrium to another. Fast algo- 
rithms guaranteed to converge to a Nash 
equilibrium, such as counterfactual regret 
minimization (CFR), may fail to do so in 
multiplayer games. Nevertheless, CFR still 
shows promising empirical performance in 
some multiplayer domains. 

Pluribus first learns a generic or “blue- 
print” strategy by self-play. Then, during ac- 
tual play, it computes a real-time strategy to 
refine the blueprint strategy, depending on 
the current state of the game. The program 
learns the blueprint strategy through a CFR 
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variant called Monte Carlo CFR (MCCFR) (7), 
with a number of enhancements. Pluribus re- 
peatedly simulates hands of poker in which 
all players use the same strategy; after each 
hand, it recursively examines each decision 
and estimates the expected outcome from 
that decision, compared to other possible 
actions that could have been chosen in the 
same situation. 

To improve the efficiency of MCCFR in Plu- 
ribus, the authors introduced linear weighted 
discounting in the early stages of training, 
and strategic pruning of negative-regret ac- 
tions in the later stages. The most intricate 
part of the system is the real-time strategy 
component. To deal with imperfect infor- 
mation, Pluribus performs a nested search, 


maintaining a probability distribution of root 
nodes for the search tree and of the cards 
held by each player, conditioned on the as- 
sumption that all players are using the same 
(known) strategy. To evaluate leaf nodes ro- 
bustly, Pluribus considers four different vari- 
ants of the blueprint strategy. 

For large and complex games, abstrac- 
tion of states and actions can be used to re- 
strain the growth of the search tree (8). This 
is necessary for the full six-player no-limit 
Texas hold’em game, which is too complex 
to search directly. Instead, Pluribus simu- 
lates a simpler version of the game by buck- 
eting similar decision points together and 
eliminating some actions (see the figure). 
For example, the blueprint strategy considers 


Abstraction in game tree search 


In its abstraction mechanism, Pluribus shrinks the number of decision points on whether to call, raise, or 
fold by bucketing similar situations together. This reduces the game tree search complexity in poker from an 
intractable to a solvable problem, using Monte Carlo counterfactual regret minimization (MCCFR). 
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only a limited number of standard bet sizes, 
depending on the situation. During actual 
play, if the opponent bet is close enough to 
a standard bet size, action translation can be 
used to apply the blueprint strategy directly. 
Otherwise, Pluribus uses a real-time search, 
based on the actual bet size. These and other 
enhancements make Pluribus very computa- 
tionally efficient. 

The authors tested Pluribus in a series 
of matches. It played both against five pro- 
fessional human players and with one hu- 
man against five Pluribus copies. Pluribus 
achieved superhuman performance in both 
cases. It plays in a style that is generally 
consistent with human preferences; nev- 
ertheless, just as the AI programs Chinook, 
TD-Gammon, and AlphaGo Zero led to a re- 
examining of accepted opening moves and 
replies, Pluribus may also challenge certain 
traditional beliefs about poker strategy. 

Many challenges remain in the area of 
game learning. One target is the card game 
bridge, which has a larger number of game 
positions. Real-time strategy (RTS) games 
such as StarCraft (9) require continuous ac- 
tions, and hidden information often grows 
as the game progresses. Coordination with 
teammates is a factor in some RTS games 
like Dota (10), and RoboCup Soccer, which 
also involves physical embodiment. Nimble 
adaptation to exploit the weaknesses of its 
opponents is another challenging area for 
an AI player that has only been explored to 
a limited degree for complex games. Algo- 
rithms like CFR have recently been applied 
to security games (JJ), potentially allowing 
methods such as those developed by Brown 
and Sandholm to tackle real-world prob- 
lems, including infrastructure and environ- 
mental resource protection (12). & 
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How humans changed 
the face of Earth 


Archaeological evidence shows that anthropogenic changes 
began earlier and spread faster than previously estimated 


By Neil Roberts’? 


cientists across disciplines have been 
debating potential dates for the be- 
ginning of the Anthropocene—the 
period during which human activity 
has become a dominant influence on 
climate change and the global environ- 
ment (J, 2). Recorded history has provided 
information with which to chart Earth’s envi- 
ronmental changes during recent centuries. 
But how can it be determined if and when 
human activities transformed Earth during 
the time before written records? This ques- 
tion is prompted in part by the hypothesis 
that prehistoric deforestation and rice farm- 
ing might explain the preindustrial upturn 
in atmospheric methane and carbon dioxide 
concentrations after ~7000 years ago (3). On 
page 897 of this issue, Stephens et al. (4) de- 
scribe efforts by the ArchaeoGLOBE Project 
to crowdsource information from the global 
archaeological community, synthesize the 
data, and generate semiquantitative esti- 
mates of how various types of land use have 
altered Earth during the past ten millennia. 
For much of the past millennium, sci- 
entists have used documentary records to 
reconstruct historical changes in Earth’s 
land cover. For example, information in Wil- 
liam the Conqueror’s Domesday Survey (5) 
showed that only 15% of the surveyed land 
was still forested in 1086 CE; evidently, much 
of England’s primeval wildwood had already 
been cleared by medieval times. Further back 
in time, documentary sources dry up, forc- 
ing scientists to turn to other “proxy” data 
sources, such as archaeology and paleoecol- 
ogy. Archaeological data have long been 
recognized as a vital source of evidence, but 
until recently, scaling up the data to recon- 
struct global trends and patterns has been 
done only qualitatively and incompletely. 
The work by Stephens et al. concludes 
that Earth had already been substantially 
transformed by human activities as early 
as 3000 years ago. This time point for an- 
thropogenic changes in land cover fits with 
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several other lines of evidence (for example, 
reconstructions of forest loss in temperate 
Europe) (6, 7) and broadly supports the 
hypothesis of Ruddiman e¢ al. (3). On the 
other hand, the conclusions of Stephens et 
al. stand in contrast to the limited amount 
of prehistoric change reconstructed by the 
widely used History Database of the Global 
Environment (HYDE) model, which simu- 
lates past global land cover (8). In light of 
the ArchaeoGLOBE synthesis, low-end esti- 
mates for early human impact, such as in 
the HYDE model, become less tenable. 


By the time humans abandoned this archaeological 
site (Mycenae, Greece) ~3000 years ago, they had 
already substantially transformed Earth’s land surface. 


The ArchaeoGLOBE synthesis is by no 
means the last word in the story, and by its 
very nature, archaeological evidence carries 
a number of inherent biases. In particular, 
archaeological data come from places in- 
habited by people, especially farmers (the 
Ecumene), rather than from parts of Earth’s 
surface where few or no humans lived—what 
might today be called “wilderness areas.” The 
ArchaeoGLOBE results, therefore, say more 
about the villages, fields, and paths where the 
proverbial Goldilocks safely lived, but much 
less about the surrounding wildwood inhab- 
ited by wolves and bears, and almost noth- 
ing about remote high mountains or polar 
deserts. Thus, it is perhaps unsurprising that 
Stephens et al. conclude that human trans- 
formation of Earth’s land surface occurred at 
an early date. 
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Other empirical datasets exist that are free 
of this bias (for example, pollen, insect, and 
other paleoecological evidence); an obvious 
next step is to conduct a systematic compari- 
son of these paleodata, archaeological data- 
sets, and modeled simulations. Comparisons 
of regions with long histories of farming and 
pastoralism (such as Europe and China) over 
the past six millennia should show similar 
overall trajectories for land-cover change 
regardless of which data source is used, but 
this is clearly not the case for most regions 
(see the figure). In temperate Europe and 
northeastern China, the HYDE model shows 
an exponential increase in agricultural and 
grazing land after ~1000 years ago. By con- 
trast, the ArchaeoGLOBE results for these 
regions show substantial human land con- 
version prior to 3000 years ago, whereas the 
curve for the proportion of open land accord- 
ing to pollen-based estimates lies somewhere 
in between the other two. A similar contrast 
is evident at a global scale, for which pollen 
data are not yet available. Only in Europe's 
boreal forest zone do temporal trends look 
similar regardless of the method used (see 
the figure). The Past Global Changes Land- 
Cover6k program is currently performing 
systematic intercomparison among the three 
data sources (9). These efforts must be har- 
monized with those of the ArchaeoGLOBE 
community to achieve truly multiproxy re- 
constructions of past land-cover changes. 

The impressive results of collaborative 
“big data” analyses by the ArchaeoGLOBE 


team indicate that human transformation 
of Earth’s land surface began well before 
the testing of the first atomic bomb, inven- 
tion of the steam engine, or other proposed 
markers for the onset of the Anthropocene 
(, 2). A recent report from the Intergov- 
ernmental Panel on Climate Change (IPCC) 
(10) makes clear that better land manage- 
ment has a key role to play in keeping 
global warming to below 2°C. For this to oc- 
cur, it is essential to take a long-term view 
on carbon release and the changing use of 
land. The ArchaeoGLOBE results should aid 
scientists in this endeavor. 
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Human-driven changes in Earth’s land cover 
Reconstructions of the extent of agricultural and pasture land based on archaeological, modeled, and pollen 
data show agreement in some regions but differ widely in others. Changes after 1850 CE are not shown. 
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Units of measurement differ among the methods; for simplification, the graphs show indicative trends on the y axis. History Database 
of the Global Environment (HYDE) simulations in million hectares (for all of Europe and all of China), from (8); pollen-based Regional 
Estimates of Vegetation Abundance from Large Sites (REVEALS) estimates are percentage of total land area, from (11, 12); 
ArchaeoGLOBE (ArchG) data are minimum percentage areas, from (4). Global HYDE data for cropland (dashed orange) and ArchG data 
for all agriculture (dashed green) are shown separately and combined with grazing land. 
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The Mitsunobu 
reaction, 
reimagined 
Catalytic nucleophilic sub- 


stitution of alcohols makes 
organic synthesis greener 


By Lars Longwitz and Thomas Werner 


ucleophilic substitution reactions are 

widely used to create carbon-hetero- 

atom and carbon-carbon bonds as 

part of the synthesis of natural prod- 

ucts and other organic molecules. 

These reactions typically involve a 
pronucleophile (NuH) and an electrophile 
that bears a suitable leaving group. Alcohols 
are often used as electrophiles because they 
are inexpensive and readily available. During 
the direct nucleophilic substitution between 
an alcohol and a pronucleophile, the alcohol’s 
hydroxyl group would be replaced with the 
nucleophile, forming water as the sole by- 
product. In the case of chiral secondary alco- 
hols, the bimolecular substitution would lead 
to the substituted product with inverted ste- 
reochemistry. However, alcohols usually do 
not react with pronucleophiles without being 
activated prior to the substitution. On page 
910 of this issue, Beddoe et al. (1) report an 
easily accessible catalyst that facilitates the 
direct nucleophilic substitution. 

The authors’ work is based on the Mit- 
sunobu reaction, in which stoichiometric 
amounts of a phosphane and azodicarbox- 
ylate reagent activate the otherwise inert 
alcohol, promoting coupling with a wide 
variety of nucleophilic reaction partners 
(2, 3). This chemistry was first reported in 
1967 by Oyo Mitsunobu (4) and has since 
become a powerful synthetic tool. How- 
ever, the need for stoichiometric quan- 
titites of hazardous reagents leads to a 
substantial amount of waste, which does 
not comply with the main principles of 
green chemistry and sustainable synthe- 
sis, such as the principle of atom economy 
(5). A method using catalytic amounts of 
both the azo reagent and phosphane— 
called a fully catalytic Mitsunobu reaction 
system—could be a greener alternative but 
is difficult to achieve (6). 
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Beddoe et al. now achieve 
this goal, by means of a re- 
dox-neutral organocatalytic 
Mitsunobu reaction. Most 
notably, their protocol is 
based on a single, easily ac- 
cessible catalyst; no further 
stoichiometric reductants 
or oxidants are required. 
Furthermore, the only by- 
product is water, greatly 
increasing the overall atom 
economy of the reaction. 
The structure of the cata- 
lyst seems simple: a tertiary 
phosphane oxide bearing 
a phenolic group (see the 
figure). On second glance, 
however, it becomes clear 
that the design is brilliant, 
because it enables the dehy- 
drative coupling of primary 
and secondary alcohols with 
various pronucleophiles. Ini- 
tially, the catalyst reacts with 
the pronucleophile to form a 
cyclic oxyphosphonium salt 
while releasing water. The 
alcohol then reacts with the 
phosphonium salt, form- 
ing a new P-O bond and si- 
multaneously liberating the 
phenolic side chain of the 
catalyst. This represents the 
activated substrate, which 
eventually reacts with the 
nucleophile, forming the 
substitution product under 
liberation of the catalyst. 

The authors show that this 
reaction works for a broad 
range of primary (R= H) 
and secondary (R, R’ # H) 
alcohols. They converted 
chiral alcohols under ste- 
reochemical inversion to 
the respective substituted 
products with excellent 
selectivity. As they dem- 
onstrate, the methodology 
allows the use of various 
pronucleophiles, leading to 


the formation of C-O, C-N, and C-S bonds. 

Beddoe et al’s approach differs conceptu- 
ally from earlier attempts to realize catalytic 
Mitsunobu reactions. Previous strategies 
stayed close to the original procedure, in- 
troducing additional reagents and catalysts 
to regenerate the phosphane or azodicar- 
boxylate and thereby realize protocols that 
were catalytic in these components. 

In 2006, But and Toy reported a variant 
of the Mitsunobu reaction that was catalytic 
in the azo reagent, using an iodine-based 
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Catalytic substitution of alcohols 
Beddoe et al. report a redox-neutral organocatalytic analog of the stoichiometric 
Mitsunobu reaction for substituting otherwise inert alcohols. 


A dream reaction: Direct nucleophilic substitution of alcohols 


ci + Nu-H ao + HO 
u- al iS 
R~R’ R~>R’ ; 
Alcohol Pronucleophile Product By-product 
Aclassic solution: The Mitsunobu reaction 
Nu Hl CO.Et 
ca ede Ph,P (21 equiv.) a NEN’ oi Ph,P=0 
R™ ~R’ CO,Et R™ ~R’ EtO,C H 
NEN 
EtO,C 
(21 equiv.) 
Reagents By-products 
Reaction pathway 
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+ RoR’ P*Ph 
PhP’ —_CO,Et Nu OF Nu 
N-N" Ps, 
EtO,C ; RoR’ \ R™ R 
it ase a Ph,P=0 
Et0,C 
Catalytic variant of Beddoe et al. 
OH eH Organocatalyst Nu ee 
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Mechanistic proposal 


Nu, nucleophile; R and/or R’, H, alkyl, aryl, etc.; Et, ethyl; Ph, phenyl. 


2013, Taniguchi et al. (8) described further 
developments in this direction, showing 
that molecular oxygen from air could serve 9. 


creased complexity of the overall systems, i. 
both procedures still required overstoichio- 
metric amounts of the phosphane. 

Two years later, Buonomo and Aldrich re- 
alized a protocol that was catalytic in phos- 
phane by using stoichiometric amounts of 
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a silane to regenerate the phos- 
phane. The authors combined 
this with the above-mentioned 
catalytic system of Taniguchi 
to realize a fully catalytic Mit- 
sunobu reaction (9). However, 
these findings were reevaluated 
and critically discussed in the 
community (J0, 12). Taniguchi 
and co-workers performed a de- 
tailed study on the fully catalytic 
system and showed that the re- 
action proceeds under retention 
of configuration and that the 
azo reagent does not participate 
(10). They concluded that the 
fully catalytic Mitsunobu reac- 
tion was not realized. 

These previous findings un- 
derline the tremendous chal- 
lenges associated with the 
development of a fully catalytic 
system based on the original 
Mitsunobu protocol. It has 
proved difficult to realize a cat- 
alytic system by implementing 
a selective reducing agent to re- 
generate the phosphane in the 
presence of an oxidizing agent 
to regain the azodicarboxylate. 

Instead of trying to find a 
perhaps unachievable balance 
in reactivity and selectivity, Bed- 
doe et al’s catalyst circumvents 
the above-mentioned challenges. 
Their system provides an exciting 
approach to the long-standing 
challenge of the direct bimolecu- 
lar substitution of nonactivated 
chiral alcohols, delivers a new 
platform in organocatalysis, and 
offers new possibilities for sus- 
tainable organic synthesis. 
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PLANT BIOLOGY 


Bacteria send messages to colonize plant roots 


Bacteria-derived RNA fragments target host plant genes to promote root colonization 


By Patricia Baldrich! and 
Blake C. Meyers’? 


tudied for more than 130 years (J), 

the intimate and unusual relation- 

ship established between legumes 

and nitrogen-fixing bacteria (Rhizo- 

bia) allows plants to use atmospheric 

nitrogen in exchange for their pho- 
tosynthetic-derived carbohydrates. The 
production of root nodules in which the 
symbiotic interaction takes place requires 
complex developmental regu- 
lation by the plant. Nodules 
are relatively distinct organs 
among plant species, essen- 
tially representing a controlled 
microbial invasion of the root. 
Somewhat like the human gut, 
the plant provides an environ- 
ment in which specific mi- 
crobes can thrive—but unlike 
the gut, nodule microbial com- 
position is limited to a small 
number of species. The genetic 
control of nodulation develop- 
ment is complex, with recent 
work showing a dependency on 
small RNAs (sRNAs) trafficked 
from shoot to root (2). On page 
919 of this issue, Ren et al. (3) 
identify bacteria-derived trans- 
fer RNA (tRNA)-derived frag- 
ments (tRFs) as modulators of 
the process of nodulation. 

In plants, sRNAs are classified 
into at least three pathways: mi- 
croRNAs, heterochromatic short- 
interfering RNAs (hc-siRNAs), 
and phased secondary siRNAs 
(phasiRNAs). All three of these 
pathways require the enzyme Dicer, which 
processes longer RNAs into smaller RNAs. 
However, since the earliest days of large- 
scale RNA sequencing studies, a large 
class of structural RNA fragments have 
been identified but largely ignored. These 
sequences, mostly originating from ribo- 
somal RNAs and tRNAs, were considered 
degradation products, unavoidably cap- 
tured during RNA sequencing and of little 
functional importance. 

tRNAs are one of the most conserved and 
abundant RNA species in cells; they func- 
tion to decode messenger RNA (mRNA) 
into proteins in ribosomes. tRNAs have a 


Developmental transition 
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distinctive cloverlike structure, containing 
three hairpin loops, with a specific amino 
acid attached to the end that is used to 
translate codons in the mRNA to an amino 
acid transferred to the end of a growing 
protein. During the tRNA biogenesis pro- 
cess, or under specific conditions, cleavage 
yields tRFs. These ~17- to 22-nucleotide 
(nt) fragments have few known functions, 
one of which is a role in genome protection 
against transposable elements (TEs) (4, 5). 
TEs are widespread repetitive genome se- 


genes to promote root nodule formation. 


Plant cell _ Bacterial cell 


tRFs tRNA 


a= 


Rhizobium 


3 tRFs are loaded in the 
plant AGO1 protein to 
facilitate RNA-RNA 
interactions. 


quences derived from viruses that have the 
ability to mobilize. Their mobilization in 
the “host” genome is typically suppressed 
because the potential disruption of host 
genome sequences (mutations or genome 
rearrangements) might be detrimental for 
fitness. The association of tRFs with the 
ARGONAUTE (AGO) proteins that medi- 
ate sRNA-target interactions has also been 
described (6), as well as their Dicer depen- 
dency (5), suggesting that tRFs function in 
posttranscriptional control. 

From sRNA sequencing data, Ren e¢ al. 
identified tRFs from the rhizobium Brady- 
rhizobium japonicum, which are enriched 
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Transfer of RNA fragments to plant cells 
Transfer RNA (tRNA)-derived fragments (tRFs) are produced 
from bacterial tRNAs and then transferred to the host plant cells, 
where they bind Argonaute (AGO) proteins and silence host 


9 SESE 1 tRFs are produced from 
ST uu the rhizobial tRNAs. 


2 tRFs are transferred to 
the plant cell via an as- 
yet-unknown process. 


4 Rhizobial tRFs target 
host genes, promoting 
rhizobial infection. 


in planta and predicted to target 52 genes 
in the soybean (Glycine max) genome. 
Three of these genes—GmRHD3, GmHAM4, 
and GmLRX5, which are orthologs of 
Arabidopsis thaliana genes ROOT HAIR 
DEFECTIVE 3 (RHD3), HAIRY MERISTEM 
4 (HAM4), and LEUCINE-RICH REPEAT 
EXTENSIN-LIKE 5 (LRX5), respectively— 
are directly involved in development, 
including that of root hairs. This is partic- 
ularly important because nodulation starts 
when the tip of a hair root curls around a 
rhyzobial cell, creating a small 
tube, the infection thread, that 
will provide a path for the bac- 
teria to reach the root epider- 
mal cells. Ren e¢ al. found that 
the 21-nt tRFs produced by the 
bacteria are loaded into the 
soybean AGOI1 protein, subse- 
quently interacting with target 
genes in a sequence homology- 
dependent manner (see the fig- 
ure). A series of experiments 
demonstrated that these genes 
are critical for the early stages 
of the establishment of the 
root nodulation process, and in 
planta suppression of the tRFs 
supports a role for them in pro- 
moting the infection process. 
To determine whether this 
regulatory process is conserved 
across evolutionarily related 
nodulating legumes, Ren et al. 
examined the compatible sym- 
biotic interaction established 
between the common bean and 
its symbiotic partner, Rhizo- 
bium etli. The authors found 
that a different set of tRFs 
target a different set of genes in this host 
plant. These results suggest that the use of 
bacterial tRFs to target host genes might 
be conserved, whereas the tRFs and their 
target genes may vary across species. These 
findings, combined with previous studies 
on plant sRNAs involved in the nodulation 
process (2), highlight the complexity of the 
regulatory network that occurs during the 
establishment of nodulation. 
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There are still many questions to be ad- 
dressed. Plants have a remarkable ability 
to distinguish between friends and foes, 
allowing Rhizobia to enter the root while 
keeping other pathogenic bacteria outside. 
Could this tRF regulation be critical to dis- 
tinguish symbiotic and pathogenic bacte- 
ria? In other words, do plant pathogenic 
bacteria also use tRFs to hijack the host 
cellular machinery and trigger disease? 
It is also unknown how bacteria produce 
tRFs or whether they are produced under 
normal growing conditions or the specific 
tRFs necessary to trigger nodulation are 
only produced when needed. Recent stud- 
ies have demonstrated that sRNAs are 
transferred from pathogen to host by using 
extracellular vesicles (7, 8). Future work 
might address whether tRFs are also trans- 
ported in vesicles from the bacterial cell to 
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.. these genes are critical 
for the early stages of the 
establishment of the root 
nodulation process...” 


the host and whether the vesicles guide the 
tRFs to the appropriate AGO protein. 

Since the discovery in the late 19th cen- 
tury of biological symbiotic nitrogen fixa- 
tion, efforts have focused on the transfer of 
the trait into cereals and other nonlegumi- 
nous crops (9). This would reduce the use 
of nitrogen-based fertilizers, cutting down 
the economic and environmental cost of 
agriculture, without diminishing yield. 
However, this naturally occurring process is 
complex and finely regulated, and success 
in its transfer depends on a comprehensive 
understanding of the mechanics behind the 
legume-rhizobium symbiosis. The discovery 
of tRFs as key symbiotic regulators argu- 
ably brings us one step closer to the use of 
this beneficial natural phenomenon in a 
broader range of plant species. 
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GENOMICS 


How do genes 


affect same-sex behavior? 


Genetic loci linked with same-sex sexual 
behavior cannot predict orientation of individuals 


By Melinda C. Mills 


tudies have indicated that same-sex 
orientation and behavior has a ge- 
netic basis and runs in families, yet 
specific genetic variants have not been 
isolated (1). Evidence that sexual ori- 
entation has a biological component 
could shape acceptance and legal protection: 
4 to 10% of individuals report ever engaging 
in same-sex behavior in the United States, 
so this could affect a sizeable proportion of 
the population (2). On page 882 of this issue, 
Ganna et al. (3) report the largest study to 
date, comprising almost half a million indi- 
viduals in the United Kingdom and United 
States, identifying genetic variants associated 
with same-sex sexual behavior. They provide 
evidence that genetic variation accounts for 
a small fraction of same-sex sexual behavior 
and uncover a relationship to the regulation 
of the sex hormones testosterone and estro- 
gen as well as sex-specific differences. They 
also reveal complexity of human sexuality. 
The genetic basis of same-sex orientation 
and sexual behavior has evaded discovery, 
largely because of the challenges of using 
small and nonrepresentative cohorts. Initial 
evidence focused mostly on gay men, pro- 
viding indirect and often speculative evi- 
dence of a relationship with fraternal birth 
order, prenatal exposure to sex hormones, 
neurodevelopmental traits, or maternal 
immunization to sex-specific proteins (4). 
Work in the 1990s isolated a relationship 
with the Xq28 region on the X chromosome 
(5, 6). Subsequent studies found similarity 
in the sexual orientation of identical twins, 
with genetics explaining 18% (for women) 
and 37% (for men), with the remainder 
accounted for by directly shared environ- 
ments (such as family or school) and non- 
shared environments (such as legalization 
or norms regarding same-sex behavior) (7). 
Many of these studies could not be repli- 
cated, and although twin and family studies 
found a genetic basis, they could not isolate 
variants associated with same-sex orienta- 
tion at specific genetic loci. 
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The study of Ganna et al. involved a ge- 
nome-wide association study (GWAS), in 
which the genome is analyzed for statisti- 
cally significant associations between single- 
nucleotide polymorphisms (SNPs) and a 
particular trait. SNPs are single-nucleotide 
base differences in DNA that allow the mea- 
surement of variation in a population. The 
approach of using a large cohort, sex-specific 
analyses, and complex measures of sexuality 
(for example, proportion of same-sex part- 
ners to total sexual partners, attraction, and 
identity) allowed the detection of genetic— 
and even sex-specific—variants that had 
evaded prior research. 

Ganna et al. analyzed the association of 
ever having sex with a same-sex partner 
with SNPs in genomes from the UK Biobank 
(408,995 individuals) and from 23andMe 
(68,527 individuals from the United States), 
with more males having engaged in same sex 
behavior than females across equally sex-di- 
vided cohorts. They discovered five loci that 
correlate with ever having same-sex behavior: 
two loci across both sexes, two in males, and 
one in females. Comparatively, the average 
number of loci found in all GWASs from 2005 
to 2018 is 13.6, but as cohort sizes increased 
to over a million, many GWASs since 2016 
now find hundreds or even thousands of loci 
(8). One of the most intriguing findings of 
Ganna et al. are differences in genetic contri- 
bution between males and females to same- 
sex sexual behavior and the weak across-sex 
genetic correlation of 0.63. A genetic corre- 
lation of 1 denotes perfect association with 
genetic variation between the sexes, a score 
of O denotes no correlation. For comparison, 
related traits such as reproductive behav- 
ior have a high genetic correlation between 
males and females of 0.86 for an individual’s 
age when they have their first baby and 0.97 
for the number of children ever born to an 
individual (9). They speculate that the reason 
for the differences in genetic contribution 
between the sexes may be biological (related 
to testosterone and estrogen) and nongenetic 
factors, such as gendered social norms about 
sexual behavior. It is also noteworthy that 
Ganna et al. do not find evidence that sexual 
orientation is associated with variants on the 
X chromosome (5, 6). 
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When using a different technique called 
SNP-heritability—comparing the genetic 
similarity of all unrelated individuals in 
the sample with their phenotypic similar- 
ity of same-sex sexual behavior—Ganna 
et al. found that genetics could eventually 
account for an upper limit of 8 to 25% of 
same-sex sexual behavior of the population. 
However, when all of the SNPs they identi- 
fied from the GWAS are considered together 
in a combined score, they explain less than 
1%. Thus, although they did find particular 
genetic loci associated with same-sex behav- 
ior, when they combine the effects of these 
loci together into one comprehensive score, 
the effects are so small (under 1%) that this 
genetic score cannot in any way be used to 
predict same-sex sexual behavior of an indi- 
vidual. This difference between the popula- 


tion SNP-based estimates of 8 to 25% versus 
individual polygenic estimates (multiple 
SNPs combined) of the influence of genetic 
variation on same-sex sexual behavior of 1% 
is attributed to a lack of measuring rare vari- 
ants; polygenicity, in which many variants 
have small effects; or nonadditive genetic ef- 
fects, such as dominance or epistasis. 

In 1948, the biologist Alfred Kinsey pro- 
posed the “heterosexual-homosexual rating 
scale,” specific to men, which ranges from 
exclusively heterosexual to exclusively homo- 
sexual, measured with the same scale for all 
sexualities (10). Ganna et al. nuanced this ap- 
proach and undertook an additional GWAS 
of the proportion of same-sex partners to to- 
tal partners (using the UK Biobank data), and 
from 23andMe, the question “With whom 
have you had sex?” with answers ranging 
from “other sex mostly” across six categories 
to “same sex only.’ The genetic correlation 
identified in the GWAS of whether a person 
had ever engaged in sex with someone of the 
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same sex and the more complex measure of 
proportion of same-sex partners was 0.73 for 
men but only 0.52 for women. This means 
that genetic variation has a higher influence 
on same-sex sexual behavior in men than 
in women and also demonstrates the com- 
plexity of women’s sexuality. This may also 
reflect sex-specific social norms regarding 
the number of sexual partners women have, 
particularly given the age range of partici- 
pants in this study. In addition to showing 
sex differences, what is striking is that these 
different measures of sexuality—proportion 
of same-sex partners and engagement in 
same-sex sexual behavior—are associated 
with different genetic loci and with other 
traits. The finding that the genetic effects 
differentiating heterosexual from same-sex 
sexual behavior are distinctive, particularly 


in relation to the number of sexual partners 
and other sexual measures (identification 
and attraction), challenges the use of Kin- 
sey’s scale across all groups. This reflects 
voices from the LGBTQ+ (lesbian, gay, bisex- 
ual, transgender, queer+) community argu- 
ing that a range of sexualities exist. Sexuality 
is dynamic, with the ability to express and 
realize sexual preferences, and is thus also 
shaped and regulated by cultural, political, 
social, legal, and religious structures. 

Ganna et al. did not find evidence of any 
specific cells and tissues related to the loci 
they identified. Male-specific loci that were 
associated with ever experiencing same-sex 
behavior were linked to olfactory recep- 
tor genes, sensitivity to certain scents, and 
regulation of testosterone and estrogen by a 
variant located upstream of the transcription 
factor 12 (TCF12) gene, which is essential for 
gonad development in mice, and a variant 
located downstream of the sex-determining 
region Y (SRY) gene, which is responsible for 
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male sex determination in humans. 

A caveat common to most genetic discov- 
eries (8) is that the study of Ganna et al. in- 
cludes only European-ancestry populations 
from Western high-income countries (United 
Kingdom, United States, and Sweden for rep- 
lication). The data also come from older in- 
dividuals living under stricter social norms 
and legislative regulations (23andMe, mean 
age 51.3 years; UK Biobank, aged 40 to 69 
years), overrepresented by higher socioeco- 
nomic status groups (/7). Although a more 
complex continuum beyond two categories 
of ever having sex with someone of the same 
sex was possible by using the 23andMe co- 
hort, these data had an unusually high num- 
ber of individuals who ever had same-sex 
partners (19%), potentially biasing the data. 

There is an inclination to reduce sexuality 
to genetic determinism or to resent this re- 
duction. Attributing same-sex orientation to 
genetics could enhance civil rights or reduce 
stigma. Conversely, there are fears it provides 
a tool for intervention or “cure.” Same-sex 
orientation has been classified as pathologi- 
cal and illegal and remains criminalized in 
more than 70 countries, some with the death 
penalty. Because Ganna et al. found that the 
genetic loci they isolated predict less than 
1% of same-sex behavior of individuals, us- 
ing these results for prediction, intervention, 
or a supposed “cure” is wholly and unreserv- 
edly impossible. Rather, by calculating the 
ceiling of what is potentially attributed to 
genetics with a SNP-heritability of 8 to 25% 
and isolating specific loci, this study serves 
as a guide to the potential magnitude of ge- 
netic effects we may eventually measure and 
a sign that complex behaviors continue to 
have small, likely polygenic, influences. Fu- 
ture work should investigate how genetic 
predispositions are altered by environmen- 
tal factors, with this study highlighting the 
need for a multidisciplinary sociogenomic 
approach. & 
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EDUCATION 


Lessons in black excellence 


Data and success stories reveal how to ensure that African 
American students thrive in the STEM classroom 


By Donna Riley 


uilding a diverse STEM (science, 
technology, engineering, and math- 
ematics) workforce is an enduring 
priority in the United States, but 
predominantly white institutions 
(PWIs) have been slow to correct the 
systematic exclusion of Native Americans, 
Hispanics, and African Americans from 
educational opportunities. In Making Black 
Scientists, Marybeth Gasman and Thai-Huy 
Nguyen examine African American access 
to STEM careers through stories and data 
that describe the successful experiences of 
faculty, staff, and students at historically 
black colleges and universities (HBCUs). 
Whereas PWIs have failed to make sub- 
stantial progress in ensuring positive edu- 
cational experiences for African Americans, 
HBCUs have been steadily “making black 
scientists” (and technologists, engineers, 
and mathematicians). HBCUs represent only 
3% of postsecondary institutions but pro- 
duce nearly a fifth of all bachelor’s degrees 
awarded to African Americans in engineer- 
ing and nearly a third in mathematics and 
physical sciences, despite differences in size, 
resources, and student preparedness. 
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The book’s power lies in artfully shar- 
ing the stories of HBCU students, faculty, 
and administrators, inviting us into stu- 
dent lives, faculty minds, and institutional 
cultures. It is organized thematically, de- 
scribing key overlapping and reinforcing 
characteristics that create environments 
supporting African American excellence in 
STEM. These passages are bookended by an 
introduction and first chapter that concisely 
capture the landscape of racial inequality in 
STEM education—a section worth reading 
slowly, especially for faculty who are not 
familiar with the history and context of 
HBCUs—and a final chapter that distills ac- 
tion items for PWIs to improve the experi- 
ences of African American STEM students. 

Gasman and Nguyen argue that African 
American success in STEM begins with an 
institutional commitment to the education 
of black students. This notion, built into the 
mission of HBCUs, is in many ways precluded 
at PWIs through the history of segregation 
in US. education. The book details how 
HBCUs do not anxiously perseverate over 
math preparation, test scores, and other du- 
bious meritocratic measures. Instead, faculty 
and administrators offer educational experi- 
ences tailored to students’ needs. This entails 
a variety of approaches, including making 
STEM socially relevant, recognizing students’ 
life circumstances, highlighting student 
strengths, beginning wherever K-12 prepara- 
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tion left off, celebrating black achievement in 
STEM, and believing in students even when 
they might not believe in themselves. 

The authors foreground the sense of com- 
munity at HBCUs, describing how peer col- 
laboration facilitates student accountability 
and self-confidence. Emphasizing com- 
munity success and intellectual generosity 
rather than individual achievement and 
competition contrasts strongly with tradi- 
tional STEM education at PWIs. 

HBCU faculty collaborate in putting stu- 
dents first and innovating supportive learn- 
ing environments. Achieving excellence and 
needing help in learning are both normal- 
ized and expected from each student rather 
than viewed as aberrations. Faculty serve 
as caregivers to students, creating a sense 
of kinship and family that is rare in many 
other institutions of higher education. 

Gasman and Nguyen argue that PWIs 
have much to learn from HBCUs’ decades 
of accomplishment in black students’ STEM 
education, a challenge to which I hope they 
will rise. But critical questions remain: How 
does one eradicate meritocratic thinking 
and elitist policies that maintain de facto 
segregation at PWIs? How does one radi- 
cally upend reward structures and insti- 
tutional budgets to truly put (traditionally 
marginalized) students first? 

I do not doubt the transformative power 
of faculty showing up for African American 
students or of institutional reform to im- 
prove African American graduation rates 
in STEM at PWIs. But moving beyond in- 
cremental change requires striking at root 
causes such as racism and classism and con- 
fronting unjust relations of knowledge and 
power in a system that reliably reproduces 
inequality. This book provides a roadmap of 
actions within individual faculty members’ 
control and sustenance for students, faculty, 
and administrators engaging in the struggle 
for racial justice in STEM education. 

It may be helpful to read the book remem- 
bering that HBCUs are both the product of a 
racist system and a challenge to that system. 
With this in mind, I could not help but won- 
der what more HBCUs and their students 
might accomplish if they were equitably re- 
sourced, and what the appropriate moral cor- 
rection might be for PWIs that have benefited 
from decades of privilege. ® 
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REPRODUCTIVE TECHNOLOGY 


Changing conception 
A thought-provoking volume traces the medical, social, 
and political histories of in vitro fertilization 


By I. Glenn Cohen 


ajor academic figures admonish 

“immoral experiments on the un- 

born.” An advertisement in The 

New York Times cautions about 

the “unknowable risks to human 

lives.” A government official calls 
for an ethics board to investigate “attempts 
to control the genetic makeup of offspring.” 
No, these are not the latest outcries over 
germline gene editing. The concerns raised 
above came from debates in the 1970s 
about a technology many of us now take for 
granted: in vitro fertilization (IVF). In their 
illuminating and highly readable new book, 
The Pursuit of Parenthood, historian Mar- 
garet Marsh and physician Wanda Ronner 
tell the medical, social, and political story of 
IVF from its prehistory in the mid-1900s to 
the present day, sweeping in adjacent tech- 
nologies toward the book’s end. 

In the first half of the book, Marsh and 
Ronner masterfully interweave narrative, 
historical, and demographic materials in 
beautiful prose to tell a compelling story 
that will enlighten even those who special- 
ize in this area. That story begins with John 
Rock, born in 1890, who would go on to be- 
come the director of the Fertility and Endo- 
crine Clinic at the Free Hospital for Women 
in Brookline, Massachusetts. Together with 
his research assistant Miriam Menkin, in 
August 1944 Rock published a report in Sci- 
ence describing a procedure in which four 
fully fertilized eggs from three women were 
cultured in a glass dish. 

While Rock, Menkin, and others made 
huge progress toward realizing IVF, efforts 
in the United States ultimately waned, set- 
ting the stage for the United Kingdom to 
bring the technology to fruition. Here, Marsh 
and Ronner shift to describing the academic 
odd couple of Patrick Steptoe and Rob- 
ert Edwards, who enabled the birth of the 
world’s first IVF baby in Oldham, England, 
on 25 July 1978. Far from a dry recitation of 
the medical history, the book goes deep into 
each man’s background, describing their 
somewhat unlikely pairing—the two were 
separated by age, class, and training—and 
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peppering the story with engaging anecdotes 
along the way. (My favorite was an incident 
in which Edwards was denounced by Prince- 
ton theologian Paul Ramsey at a 1971 forum 
on medical ethics. Edwards described his re- 
sponse: “I was a Yorkshireman and I would 
be blunt as Yorkshiremen are reputed to be.”) 

The book then pivots to early efforts to 
bring IVF to the United States. Here, the 
authors describe Howard and Georgeanna 
Jones’s pioneering IVF work in Norfolk, Vir- 
ginia, and Richard Marrs’s establishment of 
an IVF practice in California. They also pre- 
sent a deep dive into the accompanying po- 
litical maneuverings around federal fund- 
ing of human embryo and IVF research. The 
book then insightfully traces the expansion 
of IVF practices and explores some of the 
shadier elements of today’s reproductive 
medicine—including fertility fraud and the 
infamous case of Ricardo Asch, who stole 
eggs and embryos from patients—before 
more briefly surveying IVF-adjacent tech- 
nologies, including surrogacy and egg and 
embryo freezing. 

Although more careful than most com- 
mentators, Marsh and Ronner do buy into 
the common trope that paints the United 
States as the “wild west” of reproductive 
technology usage. They describe, for exam- 
ple, how a shift to a “consumer protection” 
model facilitated what little federal legisla- 
tion exists with regard to [VF—the Fertility 
Clinic Success Rate and Certification Act of 
1992—and correctly call out its relatively 
weak enforcement mechanism. Where they 
misstep slightly, however, is in focusing al- 
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most exclusively on federal-level legislation, 
and especially in their comparison to the 
UK Human Fertilisation and Embryology 
Authority (HFEA). 

Although the United Kingdom, like many 
other countries, has adopted a unitary 
country-wide approach, the authors give 
too short a shrift to a distinctly American 
regulatory configuration that has largely 
left much of IVF governance to individual 
states. The result is a continuum of legal 
approaches to reproductive technologies. 
Regarding surrogacy, for example, in the 
United States one sees everything from 
criminalization of the practice to judicial ap- 
proval and enforcement of contracts. Mean- 
while, in states such as California, huge 
reproductive technology industries thrive, 
whereas in Louisiana, fertilized embryos 
have been declared “juridical persons.” 

Another minor disappointment of the 
book was how rushed its last two chapters 
felt. Although the subtitle references uterus 
transplants, the book only manages three 
pages on this topic. I also wished the au- 
thors had taken the time to more deeply 
reflect on what implications the history of 
IVF might have for technologies such as 
gene editing. But these are minor quibbles. 

Ultimately, Marsh and Ronner have 
stitched together an amazing amount of 
historical, legal, medical, and quantitative 
material. This book is a must-read for any- 
one interested in the history of reproduc- 
tive technology. 


10.1126/science.aay4220 


What if you suddenly remembered details from a life you never led? 


Published by AAAS 


PODCAST 


Recursion 

ANovel 

Blake Crouch 
Crown, 2019. 336 pp. 


In his latest science fiction thriller, 
Blake Crouch imagines a world 
thrown into chaos by a mysterious 
condition that causes those afflicted 
to experience false memories. This 
week on the Science podcast, Crouch 
reveals the real-life research that 
inspired the story (Science, 26 July 
2013, p. 387). 
10.1126/science.aay7800 
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Making olive oil 
sustainable 


Traditional olive groves, typical of 
Mediterranean landscapes, date back at 
least to the ancient Greek civilizations (7) 
and hold cultural, scenic, and biodiversity 
value (2). However, as demand for olives 
and olive oil has increased (3), traditional 
groves, the least viable in economic terms, 
have been abandoned and production has 
shifted to large-scale intensive planta- 
tions to maximize yields (3-5). These vast 
groves use irrigation, high tree densities, 
agrochemicals, and mechanization (6). 
The resulting landscape simplification and 
habitat loss and degradation contribute 
to substantial biodiversity decline (6, 7). 
There are also claims that harvesting olives 
at night leads to mass bird mortality (8) 
and that the olive industry affects water, 
soil, and human health (5). 

A thorough understanding of the 
environmental impacts of modern olive 
farming is urgent to inform agricultural 
policies and consumers. In the European 
post-2020 agricultural policy proposal (9), 
currently under discussion, most farmers 
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are required to comply with basic envi- 
ronmental standards. However, the olive 
sector is exempted from environmental 
requirements (J0). This should be changed 
in order to promote the maintenance of 
traditional olive groves, limit the area 
occupied by continuous olive tree mono- 
cultures, and introduce environmentally 
friendly management practices. Because 
organic production labels focus mostly 

on fertilizers and pesticides, they do not 
provide enough information to consum- 
ers. To facilitate informed choices, new 
labels should be created. Olive oil pack- 
aging should provide consumers with 
details about the grove from which the 
product was sourced. Biodiversity-rich 
groves that host rare species of plants and 
animals could benefit from this marketing. 
Enhancing and highlighting the sustain- 
ability of olive farming are important not 
only for the environment but also for the 
economic revenues of olive oil producers. 
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The environmental value of traditional olive groves, 
such as this one in Portugal, has been overlooked. 
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Will DNA barcoding 
meet taxonomic needs? 


In her In Depth News story “DNA bar- 
codes jump-start search for new species” (7 
June, p. 920), E. Pennisi celebrates a global 
effort to identify 2 million new species and 
suggests that a “golden era” for biodiver- 
sity science is about to begin. The effort is 
mainly driven by an injection of $180 mil- 
lion toward sequencing short DNA segments 
that distinguish species—DNA barcodes— 
across a wide diversity of multicellular 
species, both in the field and the laboratory. 
The commendable goal is to document new 
species before they disappear, and the effort 
will undoubtedly find at least as many new 
species as they estimate. However, the mas- 
sive gap in our taxonomic knowledge is not 
a problem of finding new species but rather 
a delay in formally describing them (7). 

Natural history museum collections 
already house a substantial amount of the 
biodiversity awaiting formal description, 
including specimens of species likely to be 
“discovered” through the proposed DNA 
barcoding effort. Although DNA can be an 
invaluable tool for identifying new species, 
formal descriptions provide the names 
and accounts of anatomy, biology, and 
provenance that make species visible and 
useful to the scientific community and to 
the resource managers who aim to protect 
and conserve biodiversity. Additionally, 
taxonomy requires context and expertise, 
including comparisons to previously docu- 
mented species for which DNA sequences 
have yet to be obtained. 

The current average shelf life of new 
species between discovery and description is 


30 AUGUST 2019 + VOL 365 ISSUE 6456 873 


INSIGHTS | LETTERS 


estimated at 21 years (2). This slow pace and 
ever-increasing backlog are the result of the 
decreasing number of taxonomists and the 
lack of financial investment in the field of 
taxonomy and museum collections (3). Many 
megadiverse groups, including less charis- 
matic plants, fungi, and invertebrates, have 
very few or no specialists with the necessary 
knowledge to describe them, whereas most 
scientists study charismatic groups and 
dedicate their time to ecological and evo- 
lutionary science (4). Without support for 
proper long-term housing and morphologi- 
cal descriptions, which is what is required to 
officially name a species under the rules of 
the International Codes of Nomenclature (5), 
species identified by DNA barcode will likely 
just add to the already massive backlog. 

The lack of investment in natural history 
collections and research worldwide is clear 
and especially apparent in developing coun- 
tries (6) that hold most of the biodiversity on 
our planet. Many new species that might be 
at risk of extinction in nature have the same 
risk of disappearing from museum shelves 
due to the lack of maintenance (6). DNA 
barcodes alone are not enough to document 
the biological diversity. Overcoming the 
taxonomic backlog can lead to incredible 
advances in conservation and biodiversity 
science, but this will only happen if govern- 
ments, societies, and institutions recognize 
and invest in taxonomists, museum collec- 
tions, and their staff. 
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Trophy hunting bans 
e e e e e 
imperil biodiversity 
Trophy hunting is under pressure: There 
are high-profile campaigns to ban it, and 
several governments have legislated against 
it (7). In the United States, the CECIL 
Act (2) would prohibit lion and elephant 
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trophy imports from Tanzania, Zambia, 

and Zimbabwe and restrict imports of 
species listed as threatened or endangered 
on the Endangered Species Act. Australia, 
the Netherlands, and France have also 
restricted trophy imports (7), and the 
United Kingdom is under pressure to follow. 
Calls for hunting bans usually cite conserva- 
tion concerns. However, there is compelling 
evidence that banning trophy hunting 
would negatively affect conservation. 

In African trophy hunting countries, 
more land has been conserved under trophy 
hunting than under national parks (3), and 
ending trophy hunting risks land conversion 
and biodiversity loss (4). Poorly managed 
trophy hunting can cause local population 
declines (5), but unless better land-use alter- 


Banning trophy hunting can have unintended 
consequences for species such as lions. 


natives exist, hunting reforms—which have 
proved effective (6)—should be prioritized 
over bans (7). Positive population impacts of 
well-regulated hunting have been demon- 
strated for many species, including rhinos, 
markhor, argali, bighorn sheep, and many 
African ungulates (7). 

Trophy hunting can also provide income 
for marginalized and impoverished rural 
communities (7). Viable alternatives are 
often lacking; opponents of hunting pro- 
mote the substitution of photo-tourism, 
but many hunting areas are too remote or 
unappealing to attract sufficient visitors 
(8). Species such as lions fare worst in areas 
without photo-tourism or trophy hunting 
(9), where unregulated killing can be far 
more prevalent than in hunting zones, with 
serious repercussions for conservation and 
animal welfare (70). Focusing on trophy 
hunting also distracts attention from the 
major threats to wildlife. 

The International Union for 
Conservation of Nature (IUCN), a global 
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conservation authority, clearly concludes 
that “with effective governance and man- 
agement trophy hunting can and does have 
positive impacts” on conservation and local 
livelihoods (7). Although there is consider- 
able room for improvement, including in 
governance, management, and transpar- 
ency of funding flows and community 
benefits (17), the IUCN calls for multiple 
steps to be taken before decisions are 

made that restrict or end trophy hunting 
programs (7). Crucially, as African countries 
call for a “New Deal” for rural communi- 
ties (72) that allows them to achieve the 
self-determination to sustainably manage 
wildlife and reduce poverty, it is incumbent 
on the international community not to 
undermine that. Some people find trophy 
hunting repugnant (including many of us), 
but conservation policy that is not based on 
science threatens habitat and biodiversity 
and risks disempowering and impoverish- 
ing rural communities. 
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Kip Thorne accepts the Nobel Prize in Physics in 2017 for his “decisive contributions to the LIGO detector and the observation of gravitational waves.” 


Science diplomacy leverages alliances to build global bridges 


History of U.S. and Soviet scientific research collaborations and exchanges offers lessons for today 


By Anne Q. Hoy 


Nobel laureate and theoretical physicist Kip Thorne counts his de- 
cades-long collaboration with Russian experimental physicist Vladimir 
Braginsky as pivotal to scientific research that led to the first detection 
of two colliding black holes in the distant universe. 

The 2015 detection of gravitational waves by the Laser Interferom- 
eter Gravitational-Wave Observatory (LIGO) was not only the birth of a 
whole new way of studying the universe, a realization predicted by Al- 
bert Einstein’s general theory of relativity, and a discovery that earned 
Thorne and two other physicists the 2017 Nobel Prize in Physics. It also 
validated the enduring benefits of science diplomacy across the globe. 

“Braginsky was my principal mentor on research at the interface 
between theory and experiment. His mentoring made possible many 
of my contributions to LIGO, and our tight collaboration led to his own 
major LIGO contributions,” said Thorne. “He became the ‘conscience’ 
of LIGO in the 1990s and 2000s, identifying a series of sources of 
noise that we had not been aware of, and triggering the LIGO Scientific 
Collaboration to scope out those noise sources and 
devise ways to deal with them.” 

Thorne and Braginsky, who died in 2016, traveled 
to each other's laboratories, coauthored scien- 
tific papers, shared findings, traded questions, 
and formed a lasting friendship that began with 
Thorne’s first visit to Braginsky’s lab in 1968 and 
extended into the 2000s. 

As scientists forged such cooperative relation- 
ships despite tensions between their governments, 
the American Association for the Advancement of 
Science (AAAS) was pioneering efforts to spread 
the global reach of science and technology by 
engaging in scientific leadership initiatives through 
international exchanges and scientific partnerships. 

In 2008, AAAS formally established the Center 
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Vladimir Braginsky, left, meets with Kip 
Thorne at his Pasadena, California, home. 


for Science Diplomacy to advance the value of what then AAAS CEO 
Alan |. Leshner described as a program “guided by the overarching 
goal of using science and scientific cooperation to promote inter- 
national understanding and prosperity. AAAS believes this use of 
scientific collaboration and communication is essential both to the 
advancement of science and its use for the benefit of our global 
society.” Leshner is now serving as AAAS's interim CEO. 

At the center’s opening, Vaughan Turekian, then AAAS's chief 
international officer, said the center would “contribute to the long 
and methodical building of relationships” and pursue advances to 
address global challenges such as climate change, sustainability, and 
health care innovation. 

A year later, AAAS joined five representatives of other leading 
scientific organizations in a meeting with North Korea’s State Acad- 
emy of Science. During the rare visit, U.S. scientists met with their 
counterparts, toured government research institutions, and reached 
an agreement to pursue cooperative issues that paved the way for a 
reciprocal visit of North Korean scientists to U.S. laboratories. 

AAAS has continued to develop such scien- 
tific agreements, including a 2013 agreement 
with China's Association for Science Technol- 
ogy, a 2014 pact between AAAS and the Cuban 
Academy of Sciences, a 2017 agreement with 
Mexico's Presidential Science Advisory Council, 
and a 2018 agreement with the Science Com- 
mission of Chile’s Senate. 

It also has tapped into long-standing collabo- 
rations to offer training sessions and expand 
global scientific alliances. Last year, for instance, 
AAAS held a regional training workshop with The 
World Academy of Sciences and the Academy 
of Science of South Africa to introduce regional 
scientists to scientific collaborations that inform 
science and advance diplomacy. 
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The AAAS Center for Science Diplomacy also provides training for 
scientists and graduate students in the U.S., and, since 2014, it has 
cohosted international sessions with The World Academy of Sciences 
at its headquarters in Italy. 

Throughout the ebb and flow of relations between the United 
States and the Soviet Union, then Russia, scientists, like Thorne, 
continue to build professional relationships and keep in touch with 
their foreign counterparts. 

“The Cold War Iron Curtain was not a significant barrier to my 
collaborations with Braginsky and other Russian scientists,” said 
Thorne. “I hope the soaring paranoia in Washington about China does 
not create major barriers to the very fruitful collaborations that my 
colleagues today have with Chinese scientists.” 

The parallel with China was not raised during a 16 July AAAS 
symposium hosted by the AAAS Center for Science Diplomacy that 
centered on the history of U.S.-Soviet scientific activities. In examin- 
ing scientific interactions between the two powers, Gerson S. Sher, 
author of From Pugwash to Putin: A Critical History of US-Soviet 
Scientific Cooperation and former coordinator of the National Sci- 
ence Foundation’s U.S.-Soviet and East European program, used the 
U.S.-Soviet relationship as a case study of what drives, benefits, and 
sometimes interrupts international scientific collaborations. 

Today, six decades of formal bilateral exchanges between U.S. and 
Soviet scientific academies have “all but descended to zero,” after 
Russia's annexation of the Crimean Peninsula and its intervention in 
the Ukraine crisis in 2014, said Sher during the symposium held at 
AAAS's Washington, D.C., headquarters. 

Sher walked through earlier collaborations during post-World 
War II, post-Joseph Stalin and post-Soviet periods to demonstrate 
that despite any strained relations between governments, scientific 
cooperation endures in strengthening civil relationships, improving 
understanding of each society, and advancing science. 

Among early U.S. collaborations was President Dwight D. Eisenhow- 


er’s “people to people” exchange initiative. Backed by private sponsors, 
it amplified the scientific communities’ prevalence to nurture relation- 
ships with fellow researchers. This led to the emergence of multiple 
public and private scientific efforts designed to support international 
scientific alliances in the wake of the Soviet Union's demise in 1991. 

The U.S. National Science Foundation, for instance, established 
the nonprofit U.S. Civilian Research and Development Foundation 
(CRDF) in 1995 to provide scientists grants, technical resources, and 
training support for global scientific and technical collaborations. 
Sher served as its founding president. 

CRDF’s emergence came amid heightened U.S. concerns about 
unsecured weapons of mass destruction and set off calls for nonprolif- 
eration programs, said Sher. Particularly unsettling was the sidelining of 
Russian nuclear weapons experts under the weight of a stagnant Soviet 
economy and amid the chaotic fallout of the Soviet Union's collapse. 

In remarks at the AAAS symposium, Cathleen A. Campbell, who also 
served as a CRDF president beginning in 2006, underscored the im- 
portance of such nongovernmental organizations in fostering scientific 
collaborations through science and technology agreements between 
the United States and the former Soviet Union and its republics. 

“That was a unique period in history that | don’t think we will ever 
see again anywhere,” said Campbell, a former visiting scholar at the 
AAAS Center for Science Diplomacy and now a board member of 
the U.S.-Israel Bilateral Science Foundation. “It’s just an incredible 
interconnection of opportunities and challenges and issues we were 
facing that prompted this whole array of programs.” 

Turekian, now executive director of policy and global affairs at the 
National Academies of Sciences, Engineering, and Medicine, said the 
Cold War had a profound impact in shaping science diplomacy, then 
and today. 

“The creation of the AAAS Center for Science Diplomacy was a re- 
sponse to the need to refocus how science and science cooperation 
could be better utilized as a bridge outside of a polar world and to 
deal with complex issues at regional and global scales,” said Turekian. 
“But it also looked to the U.S.-USSR science diplomacy experiences 
to understand how to make science diplomacy work.” 


Interactive early education builds STEM literacy in children 


AAAS programs introduce STEM careers through hands-on activities and interaction with scientists 


By Andrea Korte 


Wildlife biologists have turned to creative solutions like 3D printing 
technologies to fashion prosthetic beaks, limbs, and shells to aid 
injured animals. A group of Maryland elementary school students 
were given their own opportunity to tackle a similar project, design- 
ing and printing shells for turtles, hermit crabs, or snails under the 
guidance of a retired scientist. 

Throughout the process, systems biologist Gertraud Robinson 
encouraged the students to think like a scientist. “You have a prob- 
lem; you think about the solution; you test it out; and you improve,” 
she coached. 

Robinson has leaned in to science education after retiring from 
the National Institutes of Health, trading her laboratory for elemen- 
tary school classrooms and forgoing a full retirement. She partici- 
pates in the American Association for the Advancement of Science's 
STEM Volunteer Program, which pairs scientists and engineers with 
elementary, middle, and high school teachers at nine school districts 
in the Washington, D.C., area, including those in three Virginia coun- 
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ties and three cities, and two in Maryland. In support of primary and 
secondary education, the volunteers work to spark interest in sci- 
ence, technology, engineering, and mathematics (STEM) with an eye 
toward drawing students into relevant careers. 

Nearly 200 volunteers visit classrooms throughout the school 
year, helping teachers set up experiments, answering student ques- 
tions, and drawing connections between classroom projects and 
the real-life research and activities scientists pursue. 

The program is one of several AAAS initiatives that foster science 
literacy in children and cultivate interest in STEM careers. Along 
with Science in the Summer, a seasonal enrichment program, and 
Family Science Days, a public event held at the AAAS Annual Meet- 
ing, the STEM Volunteer Program complements an array of AAAS 
education and public engagement activities that take a hands- 
on approach. 

“In the face of AAAS's goal to foster education in science and 
technology for all, we have worked to improve K-12 STEM educa- 
tion at a system level and have coupled this work with direct en- 
gagement with students,” said Shirley Malcom, AAAS senior adviser 
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Participants extracted DNA from strawberries among the many hands-on activities offered at the 2019 Family Science Days in Washington, D.C. 


and head of the SEA Change program, a AAAS initiative to spur 
institutional change at colleges and universities to support diversity 
and inclusion. “Through these programs, the value of STEM educa- 
tion has been reinforced for students and parents alike, and we are 
encouraged by engagement activities through the positive changes 
we realize.” 

The STEM Volunteer Program dates to 2004, when Alan I. 
Leshner, then AAAS CEO and now AAAS's interim CEO, penned a 
relevant editorial for Science. “Reaching out to the public is not a 
strong tradition for the science community, perhaps because we 
may think that nonscientists cannot understand our work. We're 
wrong about that,” Leshner wrote. 

The editorial inspired Donald Rea, a retired NASA Jet Propul- 
sion Laboratory scientist, who joined other AAAS members in 
volunteering as science educators at public schools in Maryland's 
Montgomery County, the state's largest school district. Together, 
they launched what was then called the AAAS Senior Scientists and 
Engineers program. 

In 2016, the program became the STEM Volunteer Program to 
reflect a broader volunteer base that expanded beyond senior 
citizens. Today, about 20% of participants in the program take time 
away from their STEM jobs to volunteer in classrooms, according to 
Betty Calinger, senior project director at AAAS. 

AAAS activities for children do not end with the school year. Science 
in the Summer is a free, hands-on program geared toward 2nd through 
6th grade students. Launched in the Philadelphia area in the 1980s 
by pharmaceutical company GSK, Science in the Summer expanded 
nationwide with the help of AAAS in 2015. AAAS now oversees Science 
in the Summer at dozens of sites in Washington, D.C.; Maryland; and 
Virginia, bringing local teachers to libraries, museums, and Boys & 
Girls Clubs to lead students in hands-on science experiments. 

The goal of this program is to keep children from losing skills 
and knowledge during summer breaks, Calinger said, and instill 
perspectives that extend beyond the next school year. Children get 
excited about science and build science literacy for the long term, 
she said. 

Each summer's curriculum is centered on a theme to demon- 
strate the relevance of science in their everyday lives and interests. 
A sports-focused curriculum, for instance, taught children how their 
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favorite athletes benefit from quick reflexes. They also were given 
an opportunity to be scientists in testing their own hand-eye coordi- 
nation. First, though, they had to establish a hypothesis and collect 
data before they could draw conclusions. 

Last summer, educator Monica Padgett led Science in the Sum- 
mer participants in experiments related to space travel. To learn 
about rocket propulsion, Padgett guided students as they used 
film canisters to create their own miniature rocket ships. When the 
fuel—a mixture of water and Alka-Seltzer—was added, the rockets 
zoomed toward the ceiling, just one part of a curriculum that is 
“hands-on and exciting for the kids,” said Padgett. 

Experiencing fun science firsthand is a hallmark of AAAS’s Family 
Science Days, the AAAS Annual Meeting’s well-attended public 
event. Since 2004, the event has offered children and their parents 
opportunities to hold a real human brain, pilot a robot and build 
their own pinball game at activity stations run by museums, univer- 
sities, laboratories, and other science organizations. 

Older children are particularly interested in exhibits about virtual 
reality, 3D printing, and computer programming, while younger chil- 
dren crowd around areas that feature anything they can touch, said 
Stacey Baker, public engagement associate with AAAS's Center for 
Public Engagement with Science and Technology. 

Stage shows featured at Family Science Days also are interactive. 
Scientists give a short presentation and answer questions from the 
audience before heading to the “Meet a Scientist” area, where chil- 
dren can ask scientists questions in a one-on-one setting. Children 
engage in conversations with a diverse slate of scientists across 
genders, races, and ethnicities and from a variety of STEM careers. 
Children realize that “they, too, can be scientists,” said Baker. 

From the start of her transition from NIH to the classroom, Robin- 
son recognized an inspiration along with the importance of bringing 
science to elementary schools. As a STEM Volunteer, she wanted to 
represent science diversity. The participation of female scientists 
in the program sends many students a powerful message by their 
presence as a volunteer. “That was one of my motivations—to show 
them that there are women working in this job,” she said. 

The goal was validated when students, as part of a class proj- 
ect, were asked to draw a scientist. The majority of the drawings 
depicted women. Robinson said, “| was pleased.” 
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umans began to leave lasting 

impacts on Earth's surface starting 

10,000 to 8000 years ago. Through 

a synthetic collaboration with 

archaeologists around the globe, 
Stephens et al. compiled a comprehen- 
sive picture of the trajectory of human 
land use worldwide during the Holocene 
(see the Perspective by Roberts). Hunter- 
gatherers, farmers, and pastoralists 
transformed the face of Earth earlier and 
to agreater extent than has been widely 
appreciated, a transformation that was 
essentially global by 3000 years before 
the present. -AMS 


Science, this issue p. 897; see also p. 865 


COMPUTER SCIENCE 

Al now masters 
six-player poker 

Computer programs have shown 
superiority over humans in 
two-player games such as chess, 
Go, and heads-up, no-limit 
Texas hold’em poker. However, 
poker games usually include six 
players—a much trickier chal- 
lenge for artificial intelligence 
than the two-player variant. 
Brown and Sandholm developed 
a program, dubbed Pluribus, 
that learned how to play six- 
player no-limit Texas hold'em 

by playing against five copies 

of itself (See the Perspective by 
Blair and Saffidine). When pitted 
against five elite professional 
poker players, or with five cop- 
ies of Pluribus playing against 
one professional, the computer 
performed significantly better 
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than humans over the course of 
10,000 hands of poker. —JS 
Science, this issue p. 885; 
see also p. 864 


ORGANIC CHEMISTRY 
Displacing OH groups 
catalytically 

The Mitsunobu reaction is widely 
used to invert the configuration 
of alcohols. However, its major 
drawback is the need to activate 
the alcohol with a full equivalent 
of phosphine, thereby generating 
a phosphine oxide co-product. 
Beddoe et al. report a phosphine 
oxide compound that achieves 
the same result catalytically (see 
the Perspective by Longwitz and 
Werner). The key is a phenol 
substituent that can reversibly 
bond through its oxygen to phos- 
phorus, forming a ring that the 
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alcohol opens. The phosphorus 
thus remains in the +5 oxidation 
state throughout the reaction, 
and water is the only by-product. 
—JSY 
Science, this issue p. 910; 
see also p.866 


MANTLE CHEMISTRY 
Deep divide in fate of iron 


A large component of Earth's 
atmosphere comes from the 
interior, where the gas species 
are dictated by the redox state 
of the mantle. After formation 

of Earth's iron core, the mantle 
became several orders of magni- 
tude more oxidized. Armstrong 
et al. conducted a set of experi- 
ments looking at the redox state 
of silicate melt representative 

of Earth's early magma oceans. 
They found that at some depth, 
iron oxide disproportionates into 
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ironclll) oxide and metallic iron. 
The reduced iron sinks to the 
core, leaving an oxidized rocky 
mantle that emits carbon dioxide 
and water instead of more 
reduced species. —BG 

Science, this issue p. 903 


ASTROCHRONOLOGY 


Filling a dating hole 

The periodic nature of Earth's 
orbit around the Sun produces 
cycles of insolation reflected 

in climate records. Conversely, 
these climate records can be 
used to infer changes in the 
dynamics of the Solar System, 
which is inherently chaotic and 
not always similarly periodic. A 
particular obstacle is the lack 
of well-defined planetary orbital 
constraints between 50 and 60 
million years ago. Zeebe and 
Lourens found an astronomical 
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solution for that interval showing 
that the Solar System expe- 
rienced a specific resonance 
transition pattern. These data 
provide a measure of the dura- 
tion of the Paleocene-Eocene 
Thermal Maximum. —HJS 
Science, this issue p. 926 


PLANT SCIENCE 
Microbial tRNA pieces 
regulate nodulation 


To fix nitrogen, leguminous plants 
enter into a symbiotic relation- 
ship with nodulating bacteria. Ren 
et al. now reveal the bacteria as 
active regulators in this process 
(see the Perspective by Baldrich 
and Meyers). Small fragments 
cleaved from rhizobial tRNA 
molecules tap into the hosts’ RNA 
interference machinery to silence 
key host genes. Thus, both host 
and microbe shape the symbiotic 
environment. —PJH 

Science, this issue p. 919; 

see also p. 868 


IMMUNOLOGY 
Empowering NK cells 
against cancer 


Tumors release factors, such 

as the cytokine transform- 

ing growth factor—B (TGF-B), 
that block antitumor immunity 
mediated by natural killer (NK) 
immune cells by promoting 

their differentiation into a less 
suppressive cell type. Rautela et 
al. found that activin-A, another 
member of the TGF-8 family, had 
similar effects on both mouse 
and human NK cells but through 
a pathway independent of TGF-B. 
Inhibition of activin-A reduced 


Natural killer cell (top) and melanoma 
cell in a scanning electron micrograph 
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skin cancer growth in a mouse 
melanoma model, suggesting 
that targeting this pathway could 
enhance NK cell function and 
antitumor immunity. —JFF 

Sci. Signal. 12, eaat7527 (2019). 


SYNTHETIC BIOLOGY 
Programmable genome 
engineering 
The model bacterium 
Escherichia coli has a single 
circular chromosome. Wang et 
al. created a method to frag- 
ment the E. coli genome into 
independent chromosomes that 
can be modified, rearranged, 
and recombined. The efficient 
fission of the unmodified E. coli 
genome into two defined, stable 
pairs of synthetic chromosomes 
provides common intermediates 
for large-scale genome manipu- 
lations such as inversion 
and translocation. Fusion of 
synthetic chromosomes from 
distinct cells generated a single 
genome in a target cell. Precise, 
rapid, large-scale genome 
engineering operations are 
useful tools for creating diverse 
synthetic genomes. —SYM 
Science, this issue p. 922 


MICROBIOTA 
Superantigens spur 
IgA secretion 


Mucosal immunoglobulin A (IgA) 
is abundant and interacts with 
the gut microbiome. To examine 
microbial induction of IgA in 
humans, Bunker et al. screened 
microbiota from infants against 
mouse and human IgA. A subset 
of samples bound IgA in a way 
that indicated the presence of 
superantigens, which bind T cell 
receptors or B cell receptors 
outside of the typical antigen- 
binding region, leading to 
nonspecific activation. Putative 
superantigens in commensal 
members of Lachnospiraceae 
activated human VH3-positive 
B cells and induced IgA produc- 
tion in mice. The authors suggest 
that commensal superantigens 
may be dominant forces behind 
IgA production in humans. —LP 
Sci. Transl. Med. 11, eaau9356 (2019). 
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The ubiquitous protist parasite Toxoplasma gondii infects many species 


but only develops sexually in cats. 


PARASITES 


Breaking the species barrier 


he protozoan parasite Toxoplasma gondii is found in most 
mammals and is spread by ingestion of contaminated 
food and water. It is a health risk to humans because it 
can form brain cysts and cause life-changing complica- 


tions during pregnancy. 


Despite this parasite’s ability 


to infect many mammals, it can only complete its life cycle 
in felids, including domestic cats. Martorelli di Genova et al. 


sought to understand the basis for the specificity of the sexual 
stages for the gut epithelium of cats. Using cat gut organoids, 
they found that the parasite’s sexual stages are stimulated to 


develop by the plant fat linoleic acid. Cats uniquely lack the 
enzyme needed for linoleic acid digestion, delta-6-desaturase. 
To test whether intact linoleic acid acts as a parasite signal, 
mice were given a chemical treatment to inhibit their desatu- 
rase, then fed linoleic acid and infected. T. gondii promptly 
initiated sexual development and the mice shed infectious 
oocysts in their feces 6 days later. —CA 


PLOS Biol. 17,e3000364 (2019). 


PHYSICS 
Twisted multilayer 
graphene 


Since the recent discovery of 
superconductivity in twisted 
bilayer graphene, physicists 
have been exploring other 
twisted heterostructures, 
including those in which two 
bilayers of graphene are twisted 
with respect to each other. 
These experiments have shown 
signatures of exotic states, 
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inspiring theorists to try to 
understand their properties. Liu 
et al. undertook a theoretical 
study of the general case of two 
graphene multilayers, each of 
which could contain an arbitrary 
number of graphene mono- 
layers, twisted with respect to 
each other. They found that 
such heterostructures retained 
the approximately flat bands 
characteristic of twisted bilayer 
graphene at the same “magic” 
twist angle. Additionally, twisted 
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The fairy ring—forming ; 
fungus MarasmiuS oréades 


Fairy rings magically prevent mutation 


utation can often occur as part of the process of cellular division and may have deleterious 
consequences for multicellular organisms. Through genomic sequencing of Marasmius 
oreades, a species of fairy ring mushroom, Hiltunen et al. found that in this relatively long- 
lived species, the accumulation of mutations is an order of magnitude less than previously 
discovered for any organism. This could not be attributed to purifying selection and indi- 
cates that this species has evolved high-fidelity replication and/or repair mechanisms to prevent 
mutation accumulation. Given that fungi, unlike mammals, do not sequester their reproductive 
germ cells, this is of interest in understanding how an organism can police its own cell division to 
maintain a low rate of mutation accumulation. —LMZ 


Curr. Biol. 29,2758 (2019). 


multilayer graphene showed 
interesting topological prop- 
erties that depended on the 
number and stacking of mono- 
layers in each multilayer. —JS 
Phys. Rev. X 9,031021 (2019) 


Building psychoactives 
with purpose 

Plants are skilled, if unwitting, 
organic chemists that produce a 
panoply of natural products that 
influence human biochemistry 
and cognition. Farrow et al. iden- 
tified a suite of enzymes in the 
iboga plant, Tabernanthe iboga, 
that produce (—)-ibogaine from a 
complex precursor alkaloid. The 
carbon scaffold is rearranged in 
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aseries of steps that follow or 


mirror the synthesis of ( 


of their biosynthetic pat 
may stimulate research 


+)-cath- 


aranthine, an intermediate in 
the formation of the anticancer 
drug vinblastine. Knowledge 


hways 
into the 
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psychoactive properties of iboga 
alkaloids, including potential 
antiaddictive activities. -MAF 


J.Am. Chem. Soc. 141, 12979 (2019). 


Born in the ribosomal 
tunnel 


The correct folding and pro- 
cessing of nascent polypeptides 
requires ribosome-associated 
chaperones. One such chap- 
erone, the ribosome-bound 
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nascent polypeptide—associ- 
ated complex (NAC), cross-links 
to newly assembled poly- 
peptides. Gamerdinger et 
al. discovered that NAC is 
positioned above the ribosomal 
exit site, from where it antago- 
nizes incorrect endoplasmic 
reticulum protein targeting. 
Remarkably, the extended 
N-terminal tail of the B sub- 
unit inserts deeply inside the 
ribosomal tunnel to facilitate 
their folding and sorting. As the 
peptide elongates, it displaces 
NAC from the ribosomal tunnel. 
NAC then rearranges on the 
surface of the ribosome, ready 
to coordinate further cotransla- 
tional activities. —SMH 
Mol. Cell 10.1016/ 
j-molcel.2019.06.030 (2019). 
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Controlling exciton 
lifetimes 


Excitons are electron-hole 
pairs optically induced in 
condensed matter systems 
which reemit a photon when 
they recombine. Monolayer 
transition metal dichalco- 
genides, e.g., MoSe,, are of 
particular interest owing to 
the strong binding energy of 
the excitons and an ultrafast 
response time. By sandwich- 
ing the monolayers of MoSe, 
between layers of hexagonal 
boron nitride (hBN), Fang et 
al. show that the lifetime of 
the excitons can be controlled 
across an order of magnitude 
from 1to 10 picoseconds with 
the lifetime determined simply 
by the thickness of the hB 
sandwiching layers. Such con- 
trol of the exciton lifetime and 
transport properties should 
be applicable to other two- 
dimensional materials and 
could be exploited for use ina 
variety of ultrafast optoelec- 
tronic applications. —ISO 

Phys. Rev. Lett. 123, 067401 (2019). 


Improving heart muscle 
Heart failure is caused by 
injury to the myocardium, the 
heart muscle, which results 
in irreversible loss because 
this tissue cannot regener- 
ate itself. Bargehr et al. 


involving huma 


investigated whether regen- 
erative medicine approaches 


n embryonic 


stem cell (hHESC)—derived 


epicardial cells, 
stromal cells, s 


which produce 
mooth muscle 


cells, and growth factors, 
can remuscularize injured 
heart. They showed that 
hESC-derived epicardial cells 
improved the structure and 
function of heart tissue in 
vitro and improved hESC- 
derived cardiomyocyte grafts 
in rats with heart tissue loss. 
The improvements to heart 
function in vivo persisted 
for 3 months, suggesting an 
approach for improving heart 
regenerative medicine. —GKA 
Nat. Biotech. 37,895 (2019). 
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NEURODEVELOPMENT 
Neurons negotiating 
boundaries 


Barriers around the brain and 
spinal cord separate central from 
peripheral nervous systems, yet 
the two systems are interlinked. 
Suter and Jaworski review 

what is known about how cells, 
axons, and signals negotiate the 
boundary zone. Understanding 
what goes wrong in boundary 
transgressions reveals the inner 
workings of multiple, partially 
redundant mechanisms built 
during development that sepa- 
rate the two compartments in 
adulthood. —PJH 


Science, this issue p. 881 


HUMAN GENETICS 
The genetics of sexual 
orientation 


Twin studies and other analyses 
of inheritance of sexual orienta- 
tion in humans has indicated 
that same-sex sexual behavior 
has a genetic component. 
Previous searches for the spe- 
cific genes involved have been 
underpowered and thus unable 
to detect genetic signals. Ganna 
et al. perform a genome-wide 
association study on 493,001 
participants from the United 
States, the United Kingdom, and 
Sweden to study genes associ- 
ated with sexual orientation (see 
the Perspective by Mills). They 
find multiple loci implicated 
in Same-sex sexual behavior indi- 
cating that, like other behavioral 
traits, nonheterosexual behavior 
is polygenic. —LMZ 

Science, this issue p. 882; 

see also p. 869 


IMMUNOLOGY 

Thirteen is the charm in 
anaphylaxis 
Immunoglobulin E (IgE) is a 
type of antibody associated 
with allergies and response to 


parasites such as worms. When 
high-affinity, allergen-specific 
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gE binds its target, it can cross- 
ink receptors on mast cells that 
induce anaphylaxis. It remains 
unclear, however, how B cells are 
instructed to generate high- 
affinity IgE. Gowthaman et al. 
discovered a subset of T follicu- 
ar helper cells (T,,,13) that direct 
B cells to do just that. T,,,.13 cells 
are induced by allergens but 

not during parasite infection. 
Transgenic mice lacking these 
cells show impaired production 
of high-affinity, anaphylactic IgE. 
T,,13 cells, which are elevated in 
patients with food and aeroaller- 
gies, may be targeted in future 
antianaphylaxis therapies. —STS 
Science, this issue p. 883 


MALARIA 
Targeting parasite’s 
protein kinase 


Malaria elimination goals are 
constantly eroded by the chal- 
enge of emerging drug and 
insecticide resistance. Alam et 
al. have taken established drug 
targets—CLK protein kinases 
involved in regulation of RNA 
splicing—and investigated 

how inhibition of the parasite’s 
enzymes blocks completion 

of its complex life cycle. They 
identified an inhibitor of the 
parasite’s CLK protein kinase 
that was 100-fold less active 
against the most closely related 
human protein kinase and effec- 
tive at clearing rodent malaria 
parasites. Not only does this 
compound halt the development 
of sexual stages but it also limits 
transmission to the mosquito 
vector of the parasite, a key 
requirement for malaria drugs. 
—CA 


Science, this issue p. 884 


SUPERCONDUCTIVITY 
Pervasive fluctuations 


Among the many intertwined 
phases in the cuprate super- 
conductor phase diagram is 
the charge density wave (CDW) 
order, which has been detected 
in all major cuprate families. It 
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is thought that CDW competes 
with superconductivity, but 
whether it has bearing on the 
mechanism of superconductiv- 
ity remains unclear. Arpaia et 

al. undertook a comprehensive 
study of charge density fluctua- 
tions in a cuprate family, varying 
doping and temperature. They 
found that short-range dynamic 
charge fluctuations were pres- 
ent in a large portion of the 
phase diagram, at temperatures 
considerably higher than those 
at which the CDW order disap- 
pears. —JS 


Science, this issue p. 906 


SIGNAL TRANSDUCTION 
A dynamic signaling 
scaffold 


In neurons, many cellular pro- 
cesses are regulated by receptor 
tyrosine kinases (RTKs), cell sur- 
face receptors whose activation 
can depend on other signaling 
pathways. Zhou et al. used 
super-resolution imaging to visu- 
alize colocalization of signaling 
proteins on the membrane-asso- 
ciated periodic skeleton (MPS) 
that is formed by actin, spectrin, 
and related molecules in the 
axons and dendrites of neurons. 
The colocalization of signaling 
proteins in different pathways 
leads to transactivation of RTK, 
which initiates intracellular 
signaling. In a negative feedback 
loop, the downstream signal- 
ing in turn leads to degradation 
of the MPS. Thus, the MPS is a 
dynamically regulated platform 
that coordinates signal trans- 
duction in neurons. —VV 

Science, this issue p. 929 


IMMUNOLOGY 
Distinct immunology of 
the placenta 


The placenta is formed when 
specialized cells from an 
embryo invade the maternal 
uterus. The effectiveness of this 
process can determine whether 
complications in pregnancy, 
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such as preeclampsia, arise. In 

a Perspective, Colucci discusses 
the emerging role of immune 
cells in the formation of the 
placenta. Homeostatic immune 
cell activities facilitate placental 
implantation without inducing 
an immune response to foreign 
antigens expressed on fetal- 
derived tissues. Understanding 
this process more fully could 
help to prevent or treat placenta- 
associated complications of 
pregnancy. —GKA 


Science, this issue p. 862 


SKIN INFLAMMATION 
Resurrecting sentinels in 
the skin 


Langerhans cells are resident 
innate immune cells in the skin 
that play essential roles in pro- 
moting local immune responses 
and maintaining skin homeo- 
stasis. Langerhans cells arise 
from fetal progenitors that seed 
the skin early in development. 
In amouse hematopoietic stem 
cell transplant model, Ferrer et 
al. found that monocytes from 
the blood infiltrate the skin 
and eventually replenish the 
Langerhans cell network. These 
observations are in agreement 
with previous studies looking at 
other sites, but the process by 
which monocytes give rise to 
Langerhans cells is inefficient, 
limiting the extent to which they 
can be renewed in the skin. —AB 
Sci. Immunol. 4, eaax8704 (2019). 


ARCHAEOLOGY 
The early occupation of 
America 


The Cooper's Ferry archaeologi- 
cal site in western North America 
has provided evidence for the 
pattern and time course of the 
early peopling of the Americas. 
Davis et al. describe new evi- 
dence of human activity from 
this site, including stemmed 
projectile points. Radiocarbon 
dating and Bayesian analysis 
indicate an age between 16,560 
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and 15,280 years before present. 
Humans therefore arrived in 
the Americas before an inland 
ice-free corridor had opened, 
so a Pacific coastal route was 
the probable entry route. The 
stemmed projectile points 
closely resemble those found 
in Upper Paleolithic Japan, also 
supporting the hypothesis of a 
coastal route. -AMS 

Science, this issue p. 891 


MAGNETISM 
Skyrmions in a frustrated 


magnet 
Skyrmions—tiny, topologi- 
cally protected whirlpools of 
spin—have been investigated as 
potential information carriers 
in spintronic devices. Usually, 
skyrmions appear in noncen- 
trosymmetric materials or at 
interfaces between materials. 
In contrast to this rule of thumb, 
Kurumaji et al. observed a 
skyrmion lattice phase in the 
centrosymmetric material 
Gd,PdSi,. The magnetic frustra- 
tion present in this material 
helped stabilize the skyrmion 
phase, which was detected 
through transport measure- 
ments in magnetic field. —JS 
Science, this issue p. 914 
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REVIEW SUMMARY 


NEURODEVELOPMENT 


Cell migration and axon guidance 
at the border between central and 
peripheral nervous system 


Tracey A. C. S. Suter and Alexander Jaworski* 


BACKGROUND: In vertebrates, the central and 
peripheral nervous system (CNS and PNS, re- 
spectively) are segregated at the cellular level. 
The CNS encompasses the brain and spinal 
cord, and the PNS is composed of numerous 
ganglia and nerves in the body periphery. Each 
subsystem is characterized by specialized neu- 
rons and unique glial cell types critical for 
neural circuit function. During development, 
virtually all CNS neurons and glia arise from 
progenitors located within this subdivision 
of the nervous system, and the vast majority 
of PNS-resident cells originate from the neu- 
ral crest and ectodermal placodes in the pe- 
riphery. However, it has become evident that 
at least a subset of peripheral glia is gener- 
ated in the CNS and migrates into the PNS. 
Further, whereas most CNS and PNS neurons 
project axons exclusively within the same sub- 
division that houses their cell body, hindbrain 
and spinal cord motor neurons innervate var- 
ious peripheral targets, and peripheral sensory 
neurons send axons into the CNS. Therefore, 
during development, when neurons and glia 
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migrate to their destinations and axons navi- 
gate to their targets, the CNS-PNS interface 
must be permeable to select cells and axons 
at specific locations but prevent intermixing 
of most other CNS and PNS components. The 
cellular and molecular mechanisms that es- 
tablish this pattern of segregation and se- 
lective connectivity are now beginning to be 
understood. 


ADVANCES: Multiple cell types and signal- 
ing pathways exert tight control over the 
movement of cells and axons between the 
developing vertebrate CNS and PNS. A multi- 
layered barrier surrounds most of the brain 
and spinal cord to prevent aberrant spillover 
of CNS and PNS components, but specialized 
access points called transition zones allow 
regulated cell migration and axon growth 
across the CNS-PNS boundary. Studies in 
various vertebrate species have begun to 
unravel some of the rules that govern cellular 
traffic at the CNS-PNS interface. It has become 
apparent that inhibitory signals from special- 
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Control of the CNS-PNS boundary. During nervous system development, most glia, neurons, 
and axons are prevented from crossing the CNS-PNS border, whereas select subsets are 
allowed to move between the two compartments. Physical barriers and combinations of 
attractive and repulsive cues control cell behaviors at the CNS-PNS dividing line. 


ized cells located at the CNS-PNS border help 
to confine migrating cells and nascent axons 
to one nervous system subdivision; the cues 
that attract cells and axons to their correct tar- 
gets are also important for preventing aberrant 
crossing of the CNS-PNS border. When these 
signaling pathways are disrupted, transition 
zones are particularly vulnerable to trans- 
gressions by cells and axons that would nor- 

mally remain within their 
nervous system compart- 
Read the full article ee eneiineds ue 
at http://dx.doi. ture of transition zones 
org/10.1126/ is further underscored 
science.aaw8231 by the fact that cells in 
esculenta nateeaadacae the mature nervous sys- 
tem can occasionally traverse these windows 
in response to injury. The developmental mech- 
anisms that direct the correct cells and axons 
toward and across transition zones are still 
poorly understood, but attractive signals 
from cells at or beyond the CNS-PNS inter- 
face appear to play important roles. Further- 
more, axons that need to cross the border are 
guided there by cues that repel them from 
inappropriate targets within their nervous 
system subdivision of origin, and they actively 
filter out guidance information that would 
otherwise steer them away from transition 
zones. Beyond this selective responsiveness 
to directional signals, these axons also use 
specialized subcellular structures to pene- 
trate CNS-PNS barrier constituents. 


OUTLOOK: The tight regulation of cell migra- 
tion and axon navigation at the developing 
CNS-PNS interface is critical for establishing 
proper neuronal connectivity and allocating 
functionally specialized cells to the two major 
nervous system subdivisions. Further investi- 
gation of the relevant mechanisms holds the 
promise to elucidate the full repertoire of cel- 
lular interactions, guidance molecules, and sig- 
nal transduction pathways that control this key 
dividing line in the nervous system. Because 
the fundamental division of the nervous sys- 
tem into central and peripheral compartments 
appears conserved across species, including 
some invertebrates, continuing to study the 
CNS-PNS boundary in multiple model orga- 
nisms will contribute to understanding the 
evolution of nervous system organizing prin- 
ciples. Moreover, insights into signaling mech- 
anisms at the CNS-PNS interface could aid in 
the development of therapeutic approaches 
that rekindle developmental plasticity at tran- 
sition zones in the mature nervous system 
and promote regeneration after injury or onset 
of neurodegenerative disease. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: alexander_jaworski@brown.edu 
Cite this article as T. A. C. S. Suter and A. Jaworski, Science 
365, eaaw823]1 (2019). DOI: 10.1126/science.aaw8231 
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NEURODEVELOPMENT 


Cell migration and axon guidance 
at the border between central and 
peripheral nervous system 


Tracey A. C. S. Suter’? and Alexander Jaworski»?* 


The central and peripheral nervous system (CNS and PNS, respectively) are composed of 
distinct neuronal and glial cell types with specialized functional properties. However, a 
small number of select cells traverse the CNS-PNS boundary and connect these two major 
subdivisions of the nervous system. This pattern of segregation and selective connectivity 
is established during embryonic development, when neurons and glia migrate to their 
destinations and axons project to their targets. Here, we provide an overview of the cellular 
and molecular mechanisms that control cell migration and axon guidance at the vertebrate 
CNS-PNS border. We highlight recent advances on how cell bodies and axons are instructed 
to either cross or respect this boundary, and present open questions concerning the 
development and plasticity of the CNS-PNS interface. 


n the vertebrate nervous system, the central 

nervous system (CNS) and peripheral ner- 

vous system (PNS) are characterized by func- 

tionally specialized neurons and unique glial 

cell types. The CNS is composed of the brain 
and spinal cord, and the PNS encompasses the 
sympathetic, parasympathetic, and enteric sub- 
divisions and ganglia containing various sensory 
neurons with their associated nerves and glia. 
Virtually all CNS-resident neurons and glia arise 
locally, and the vast majority of cells in the PNS 
originate from the neural crest and ectodermal 
placodes in the periphery. However, at least a 
subset of glia is generated in the CNS and mi- 
grates into the PNS. Further, most CNS and PNS 
neurons send axons to targets within the same 
subdivision that houses their cell body, but motor 
and sensory axons project out of and into the CNS, 
respectively, to allow CNS-PNS communication. 
Therefore, although intermixing of most CNS 
and PNS components is prevented by cellular 
interactions at the boundary between the two 
nervous system compartments, this barrier must 
be permeable to select cells and axons at specific 
locations during development. The mechanisms 
that restrict and facilitate cell migration and axon 
growth across the CNS-PNS interface have long 
remained elusive, but recent research has begun 
to uncover some of the underlying developmen- 
tal principles. In this review, we first describe the 
anatomy of the CNS-PNS border before summa- 
rizing our current understanding of how the 
behavior of neurons and glia at this dividing line 
is controlled. We also highlight promising re- 
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search directions regarding the formation and 
function of this boundary. 


Cellular constituents of the 
CNS-PNS boundary 


The surface of the CNS is a mostly uniform, 
impenetrable barrier preventing the movement 
of neurons, glia, and axons between the CNS and 
surrounding tissues, including the PNS. This 
boundary is formed by various cellular and extra- 
cellular components, including radial glia and 
astrocytic endfeet (forming a structure called the 
glia limitans), the meninges, and a specialized 
extracellular matrix (ECM) (Fig. 1). However, during 
development, specific access points called transi- 
tion zones are selectively permeable for subsets 
of cells and axons, allowing for connectivity be- 
tween the CNS and PNS. Transition zones are 
regions of the nerve rootlets protruding from the 
neural tube surface where CNS and PNS tissues 
meet and partially interdigitate (Fig. 1, B to D). 
They are characterized by local disruption of some 
of the CNS-PNS barrier components and the pre- 
sence of dedicated cell types—boundary cap (BC) 
cells in mice (Fig. 1, A to C) and motor exit point 
(MEP) glia in fish (Fig. 2A)—which help to re- 
gulate CNS-PNS access. 


Radial glia and astrocytes 


During development, neuroectodermally derived 
neural progenitors, termed radial glia, form elon- 
gated processes that extend from the ventricular 
to the pial surface of the brain and spinal cord 
(Fig. 1, A to C). Radial glia are not only the es- 
sential, primary contributors to CNS neurogenesis 
and gliogenesis, but also serve as a scaffold for 
migration of their cellular offspring away from 
the ventricular zone (7). Additionally, radial glia 
aid both in the architectural organization of the 
CNS and in establishing the CNS-PNS boundary. 
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At the pial surface, radial glia processes contact 
the basement membrane, which surrounds the 
CNS (see below), and their endfeet form a tight 
physical barrier essential for preserving the sepa- 
ration of the CNS and PNS compartments (7). As 
proliferative activity ceases, radial glia gradually 
disappear or, in rare instances, directly transform 
into astrocytes with a similar morphology. Con- 
currently, astrocyte precursors, which arise from 
radial glia in the ventricular zone, begin to migrate 
from their birthplace, and astrocytic processes 
fill the gaps vacated by radial glia endfeet at the 
pial surface (2, 3). Ultimately, astrocytes completely 
replace radial glia to form the glia limitans at the 
CNS-PNS border (Fig. 1, C and D), but the timing 
of this substitution remains poorly understood. At 
mature transition zones, where axons have crossed 
the CNS-PNS boundary, the peripheral portion of 
the transition zone apparatus contains a funnel- 
shaped sleeve of glial processes, which surround 
and separate each axon (4-6). 


Meninges and basement membrane 


The basement membrane is a thin, protective layer 
of ECM molecules that surrounds most tissues 
in the body, including the neural tube (Fig. 1). 
It is largely composed of laminins, collagens, ni- 
dogens, and proteoglycans, and it further contains 
a variety of signaling molecules that interact with 
the core ECM constituents and instruct numerous 
cellular behaviors (7). The CNS basement mem- 
brane is produced predominantly by radial glia 
and the mesenchyme surrounding the neural tube, 
and it plays an integral role in neural develop- 
ment. It provides an adhesive surface for radial 
glia endfeet and helps to control neural crest cell 
migration and axon growth at the CNS-PNS 
boundary. After neural crest delamination, the 
basement membrane forms a complete seal 
around the neural tube surface (8, 9) (Fig. 1). 
The meninges are membranes of connective 
tissue enveloping and protecting the entire CNS 
(Fig. 1). Three layers compose the mature me- 
ninges: the pia, arachnoid, and dura mater (JO). 
During development, the meninges surrounding 
the forebrain arise from cranial neural crest cells, 
but the origin of the meninges surrounding the 
caudal CNS had long been controversial. Over time, 
consensus emerged that spinal cord meninges 
are not neural crest derived and instead form by 
condensation of mesodermal mesenchyme around 
the neural tube (77-73). The initial, primitive me- 
ningeal layer, termed leptomeninges, is located 
in direct apposition to the outer basement mem- 
brane of the neural tube (8, 10). During develop- 
ment, the meninges fulfill multiple functions: 
they control the migration and positioning of 
various neuronal populations, regulate radial glia 
proliferation and survival, and organize and main- 
tain the basement membrane (10, 14, 15). They also 
produce signaling molecules that appear to con- 
trol axon behavior at the CNS-PNS interface (/6). 


Boundary cap cells and motor exit 
point glia 


Transition zones allow movement of select cells 
and axons between the CNS and PNS (6, 17). They 
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Fig. 1. Anatomy of the CNS-PNS border during development. (A) Schematic of mouse embryo indicating the plane of the spinal 
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are best characterized in the spinal cord, where 
most motor axons leave the CNS through MEPs 
and dorsal root ganglion sensory axons enter the 
CNS at the dorsal root entry zone (DREZ) (Fig. 1). 
The importance of these transition zones is high- 
lighted in human patients with Friedreich ataxia, 
in which DREZs are disorganized and exhibit 
intrusions of CNS and PNS components into the 
inappropriate compartment (8). In rodents and 
chicks, BC cells, a transient population of multi- 
potent neural crest cells, play an integral role in 
the establishment and maintenance of transition 
zones during development (19). BC cells migrate 
in close association with the neural tube surface 
before arresting at axon entry and exit points 
(20, 21) (Fig. 1, A to C). BC cells at DREZs and 
MEPs have distinct gene expression profiles, and 
ventral, but not dorsal, BC cells appear to extend 
protrusions into the neural tube, suggesting that 
they each fulfill specialized functions (19, 22). 
Moreover, the timing of BC cell arrival relative 
to axon exit and/or entry differs between MEPs 
and DREZs. BC cells arrive at the presumptive 
DREZ before sensory axons, consistent with the 
idea that they could guide sensory axons into the 
spinal cord; in contrast, motor axons emerge from 
the spinal cord before BC cell clustering at MEPs, 
suggesting that nascent motor axons might recruit 
BC cells to MEPs (8, 27). After axon growth through 
MEPs and DREZs has concluded, BC cells differ- 
entiate into multiple peripheral cell types (19). 
Although BC cells associate with all exit and 
entry points of hindbrain and spinal nerves (19, 20), 
it remains elusive whether an analogous cell pop- 
ulation is present at the transition zone for olfa- 
ctory sensory axons. 

Zebrafish do not possess a neural crest-derived 
equivalent of BC cells. Instead, MEP glia, a spe- 
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cialized subset of myelinating glia whose gene 
expression signature combines CNS and PNS char- 
acteristics, originates in the CNS and localizes to 
the proximal portion of motor axon tracts just out- 
side of the neural tube (23). To date, no similar cell 
type has been identified at sensory axon entry 
points. MEP glia in fish localize to the same re- 
gion that ventral BC cells do in birds and mammals 
and similarly function to maintain the integrity of 
the CNS-PNS boundary, but they appear to do so 
through distinct mechanisms (23, 24). This suggests 
that these cell types represent convergent evolu- 
tionary solutions to a common problem in CNS- 
PNS border development across fish and amniotes. 


Positioning CNS and PNS glia 


With the exception of microglia, all glia of the 
CNS and PNS arise from neural ectoderm during 
development. We focus here on the behavior of 
these neuroectoderm-derived glia at the CNS- 
PNS interface and refer the interested reader to 
other excellent reviews on the development of 
microglia, which originate in the embryonic yolk 
sac and, shortly after onset of neuronal differ- 
entiation, migrate into the developing CNS by 
breaking through the neural tube basal lamina 
using matrix metalloproteases (25, 26). CNS- 
resident astrocytes and oligodendrocytes are born 
in the neural tube, whereas PNS Schwann cells, 
satellite glia, BC cells, olfactory ensheathing glia, 
and most perineurial glia arise from neural crest 
progenitors in the periphery. By contrast, MEP 
glia and a small subset of perineurial glia are CNS 
derived and enter the PNS through transition zones. 
However, in the intact, mature nervous system, 
astrocytes and oligodendrocytes are not observed 
in the PNS and peripheral glia do not enter the 
CNS. This segregation is likely of functional im- 
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portance, e.g., peripheral Schwann cells produce 
basement membrane, which would interfere with 
cellular interactions in the CNS (27, 28). Never- 
theless, transition zones remain plastic enough to 
adapt to environmental perturbations or develop- 
mental defects that deplete the glial pool in one 
compartment, allowing Schwann cells, oligoden- 
drocytes, and astrocytes to cross the CNS-PNS 
boundary and partially compensate for the absence 
of their missing counterpart. Thus, the CNS and 
PNS environments are seemingly able to support 
the survival and differentiation of glial cells ori- 
ginating in the other compartment (24, 29, 30). 
The mechanisms that permit and restrict move- 
ment of glia between the CNS and PNS are now 
beginning to be understood. 


Regulated glial crossing between the 
CNS and PNS 


The long-standing idea that some peripheral glia 
might originate in the neural tube has been con- 
firmed by recent work in zebrafish and mice, rais- 
ing the question of how these cells penetrate the 
CNS-PNS boundary. In zebrafish, MEP glia leave 
the neural tube through MEPs and myelinate 
motor axons in spinal cord-proximal regions of 
ventral roots (23). Although MEP glia have not 
been observed in birds or mammals, at least one 
glial cell type appears to emigrate from the CNS 
into the PNS as part of normal development across 
vertebrates: a subset of perineurial cells (Fig. 1) 
(31, 32). Perineurial glia envelop peripheral nerves 
to protect them from toxins and infection, regu- 
late extracellular ion concentrations, and provide 
metabolic support (33). Although most perineu- 
rial cells originate from the neural crest, the CNS- 
proximal aspect of the ventral root perineurium in 
both zebrafish and mice is derived from Nkx2.2* 
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progenitors in the ventral spinal cord. These 
CNS-derived perineurial glia leave the spinal cord 
through MEPs and join their peripherally gen- 
erated counterparts to form a continuous sleeve 
around motor nerves (3/, 32). 

Transition zones also allow peripheral glia to 
transiently enter the CNS during development. 
Live-imaging studies in zebrafish have demon- 
strated that a small number of Sox10* neural crest- 
derived peripheral glia enter the spinal cord through 
MEPs after motor axon exit but before MEP glia 
emigration. After a few hours, all of these PNS- 
derived cells relocate back into the periphery and 
remain restricted to the PNS afterward (34). This 
transient migration of peripheral glia into the CNS 
has not been observed in higher vertebrates, rais- 
ing questions about its evolutionary conservation 
and functional significance. 
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Together, these recent studies have uncovered 
a selective permeability of transition zones for 
glial migration during development, but the spe- 
cific mechanisms that permit and instruct the 
movement of MEP glia, Nkx2.2* perineurial cells, 
and Sox10* peripheral glia across the CNS-PNS 
border have not yet been elucidated. However, 
these migrations appear to be restricted to the 
time before radial glia endfeet form a continuous 
seal at MEPs, suggesting that gaps between these 
endfeet are a prerequisite for glial crossing between 
the CNS and PNS. 


Preventing aberrant intermixing of CNS 
and PNS glia 


The vast majority of CNS and PNS glia remain 
confined to their respective compartment of ori- 
gin. This raises the question of how aberrant in- 
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termixing of CNS and PNS gliais prevented, and 
experimental manipulations that erode this se- 
gregation have begun to provide insights into some 
of the relevant mechanisms. In zebrafish, ablation 
of MEP glia causes oligodendrocytes to emigrate 
from the spinal cord through MEPs and myeli- 
nate motor axons (Fig. 2A). Even during normal 
development, oligodendrocyte processes con- 
stantly probe the peripheral space outside of 
the spinal cord, but these cellular extensions 
retract upon contacting MEP glia (23). Contact- 
mediated inhibition from MEP glia therefore 
appears essential for preventing oligodendrocyte 
exit from the fish spinal cord, even though the 
precise molecular mechanism remains elusive. 
In mice, BC cells appear to fulfill a similar role, 
as oligodendrocytes exit through MEPs and 
DREZs after genetic ablation of the BC (29), but 
it is unknown whether this function involves di- 
rect physical contact between oligodendrocytes 
and BC cells (Fig. 2B). Interfering with Schwann 
cell differentiation or survival in fish and mice 
by genetic deletion of SoxJ0 or ErbB3 also leads 
to oligodendrocyte (and in mice astrocyte) emi- 
gration from the CNS through transition zones 
(23, 35, 36) (Fig. 2B). However, because these 
manipulations also affect MEP glia and BC cells, 
it is not entirely clear whether Schwann cells 
help to confine glia to the CNS, but the presence 
of CNS glia in peripheral nerves from a human 
patient lacking Schwann cell myelin is consistent 
with this idea (29). Lastly, pharmacological inhi- 
bition of A2a adenosine receptors or blockade 
of neurotransmitter release in zebrafish results 
in ectopic oligodendrocyte migration through 
MEPs without affecting MEP glia development 
(37). Although the precise mechanism underly- 
ing this effect has not been elucidated, this 
finding suggests that, in addition to interactions 
with peripherally located glia, neuronal activity 
helps to prevent oligodendrocyte migration across 
the CNS-PNS border. 

PNS-resident glia also need to be prevented 
from entering the CNS. Radial glia appear to 
fulfill an essential function in this process. As 
mentioned, in zebrafish, Sox10* peripheral glia 
freely cross between the CNS and PNS at the 
MEP until radial glia endfeet form a continuous 
barrier (34). When radial glia are selectively 
ablated, peripherally located glia, including 
MEP glia, continue to migrate into the spinal 
cord throughout later stages of development 
(34) (Fig. 2A). Similarly, in mice, genetic inac- 
tivation of the chemokine CXCL12 or its re- 
ceptor, CXCR4, leads to the formation of gaps 
between radial glia endfeet in the developing 
spinal cord, resulting in immigration of BC cells 
into the neural tube through DREZs and MEPs 
(38) (Fig. 2B). Together, these studies support 
the idea that radial glia endfeet prevent periph- 
eral glia from invading the CNS. Lesion studies 
in the adult rodent spinal cord suggest that 
astrocytic endfeet fulfill the same function after 
the disappearance of radial glia. After spinal 
cord injury, Schwann cells often invade the CNS 
and remyelinate axons at the lesion site while 
retaining their original compartment identity 
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into the PNS by axons that are normally confined to the CNS caused by 
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wild-type signaling pathway, and notes within panels show how these 
pathways are perturbed. 


and myelination characteristics (39-41). Early 
work attributed this migration of peripheral glia 
into the injured spinal cord to the disruption of 
the astrocytic endfeet barrier (47-44). However, 
Schwann cells also enter the spinal cord and 
remyelinate CNS axons in multiple rat lines in 
which CNS myelin is eliminated but the glia 
limitans appears intact (30). This indicates that 
CNS myelin provides inhibitory signals that pre- 
vent Schwann cell invasion of the CNS. Myelin- 
associated glycoprotein is one such potential 
signal, as it inhibits the migration of Schwann 
cells and induces their death through the p75 
neurotrophin receptor (45). Overall, the precise 
interplay of mechanisms that restrict and, in the 
case of injury, trigger Schwann cell crossing 
of the CNS-PNS border remain poorly under- 
stood. However, these spinal cord injury studies 
unmask a notable plasticity in the allocation 
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of glia to the CNS and PNS compartments, 
endowing the nervous system with the capacity 
to repair itself. 


Controlling neuronal cell body and axon 
behavior at the CNS-PNS interface 


Neurons that arise in the CNS do not enter the 
PNS, even though their cell bodies often migrate 
over long distances within the brain and spinal 
cord. Similarly, peripherally born neurons re- 
main confined to the PNS, with one notable ex- 
ception: Gonadotropin-releasing hormone (GnRH) 
neurons migrate from the olfactory placode into 
the brain (46). Although the vast majority of ax- 
onal projections are confined to either the CNS 
or PNS, a substantial number of axons grow 
across the CNS-PNS interface to connect the two 
subdivisions. Motor neurons are located in the 
hindbrain and spinal cord, and their axons leave 
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the CNS through MEPs to innervate peripheral 
muscles and ganglia. Neural crest-derived so- 
matosensory neurons localize to dorsal root 
ganglia and multiple cranial ganglia and project 
axons into the CNS through DREZs (Figs. 1 
and 3) or various cranial nerves. Gustatory and 
audiovestibular information is similarly carried 
into the CNS by sensory neurons, which arise 
from the cranial neural crest and otic placode, 
reside in specialized ganglia, and project through 
cranial nerves. Lastly, olfactory sensory neu- 
rons are born in the nasal placode, reside in 
the olfactory epithelium, and send axons through 
the cribriform plate into the olfactory bulb. The 
mechanisms that selectively allow some neu- 
rons and axons to cross the CNS-PNS border 
while preventing most others from traversing 
this boundary are only now beginning to be 
understood. 
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Migration of select neurons across the 
CNS-PNS border 

GnRH neurons are currently the only known 
neuronal population that migrates across the 
CNS-PNS boundary, raising the question of what 
allows them to accomplish this unique feat. How- 
ever, they reach the CNS as part of a larger “migra- 
tory mass,” which contains additional, as yet 
unidentified cells that express neuronal markers 
(46, 47). Failure of GnRH neurons to populate 
the hypothalamus causes hypogonadotropic 
hypogonadism, underscoring the functional im- 
portance of their journey into the CNS (47). 
GnRH neurons originate peripherally in the 
nasal placode and translocate along bundles 
of olfactory, vomeronasal, and terminal nerve 
axons to leave the olfactory pit. These neurons 
then use this axonal scaffold to cross the de- 
veloping cribriform plate and enter the brain, 
either through or just ventral to the olfactory 
bulb, at which point they continue migrating 
toward their final destination in the hypo- 
thalamus (46, 47). Association with axons that 
project from the nose into the CNS is instruc- 
tive for GnRH neuron migration, as genetic 
manipulations that cause misrouting of these 
axons before penetrating into the brain non- 
cell autonomously prevent GnRH neurons from 
entering the CNS (46-49). The comorbidity of 
anosmia and hypogonadotropic hypogonadism 
in patients with Kallmann syndrome has been 
commonly interpreted as a link between olfac- 
tory sensory axon guidance and GnRH neuron 
migration (46, 47). However, recent evidence 
strongly suggests that most GnRH neurons fol- 
low terminal nerve fibers, whereas only a small 
subpopulation migrates along olfactory and/or 
vomeronasal axons (50). In addition to follow- 
ing these axons, which are steered toward the 
brain by various guidance molecules, GnRH neu- 
rons appear to also require their own chemo- 
attractive cues to migrate into the CNS. Hepatocyte 
growth factor and CXCL12, which are expressed 
by mesenchymal cells along the GnRH neuron 
migratory route and increase in concentration 
toward the olfactory bulb, have been implicated 
as two such cues; however, their precise mech- 
anism of action remains elusive, and it is not 
entirely clear whether these factors do indeed 
control GnRH neuron migration directly with- 
out affecting axon guidance (57-53). Therefore, 
GnRH neurons appear to require attractive guid- 
ance cues and a correctly targeted axonal sub- 
strate for their migration across the CNS-PNS 
boundary. The complete repertoire of guidance 
cues, receptors, and cellular mechanisms that 
regulate GnRH neuron entry into the CNS awaits 
identification. 


Prohibiting CNS exit of neuronal 
cell bodies 


How are the vast majority of neuronal cell bodies 
contained within either the CNS or PNS? Motor 
neurons are the only pan-vertebrate, CNS-resident 
neurons with axons that project into the PNS. 
This renders their cell bodies particularly vul- 
nerable to accidental CNS exit, and multiple 
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mechanisms prevent motor neurons from leaving 
the neural tube by helping to uncouple cell body 
translocation from axon extension. Both fish and 
mammals depend on CNS-derived perineurial 
glia to contain motor neurons within the spinal 
cord, and the radial glia endfeet barrier and ad- 
ditional signaling from BC cells help to solid- 
ify this confinement in mammals (Fig. 2B). In 
Reelin knockout mice, radial glia endfeet in 
the spinal cord fail to form a continuous barrier 
along the basement membrane, and motor neu- 
rons emigrate from the spinal cord through MEPs 
(54). Thus, radial glia endfeet appear to prevent 
motor neuron exit from the CNS, but it is unclear 
whether this is mediated by inhibitory signals or 
the formation of a physical seal at MEPs. Ablation 
of BC cells also causes motor neuron CNS exit 
through MEPs in both chicks and mice (55) (Fig. 
2B). At least two BC-derived signals appear to 
mediate this function of confining motor neu- 
rons to the CNS: the transmembrane Semaphorin 
Sema6A (56, 57) and the Netrin family member 
Netrin-5 (58). Knockdown of Sema6A in chick BC 
cells or genetic deletion in mice causes motor 
neuron emigration from the spinal cord; how- 
ever, the identity of the receptor(s) mediating 
the effect of Sema6A on motor neurons remains 
controversial, as conflicting RNA interference 
evidence in chick embryos implicates either 
PlexinA1 or PlexinA2, whereas knockout studies 
in mice implicate the class II Semaphorin re- 
ceptor Neuropilin-2 (56, 57). Mice lacking Netrin-5, 
which is expressed by BC cells, or the Netrin 
receptor DCC, expressed in motor neurons, also 
exhibit motor neuron emigration through MEPs. 
This supports the idea that BC-derived Netrin-5 
restricts motor neuron exit from the CNS through 
DCC (58). Sema6A and Netrin-5 might well 
function as BC-derived repellants that prevent 
the migration of motor neurons into the PNS, 
but this mechanism of action has yet to be 
confirmed. CNS-derived perineurial glia in the 
proximal ventral roots further help to confine 
motor neurons to the CNS. When the develop- 
ment of these cells is perturbed by inactivation 
of Nkx2.2, motor neuron somata leave the CNS 
through MEPs in both fish and mice (Fig. 2A) 
(31, 32), but the mechanisms through which 
perineurial glia control motor neuron position- 
ing are still unclear. Multiple studies in mice 
have shown that inactivating motor neuron- 
specific transcription factors, including HB9, 
Isleti, and Islet2, causes motor neuron cell body 
migration into peripheral nerves without affect- 
ing BC cell clustering at MEPs or radial glia 
endfeet morphology (59-62). These findings 
suggest that these transcriptional regulators 
control the expression of genes required for 
motor neurons to sense guidance cues that keep 
their cell bodies within the CNS. The identity of 
the relevant misregulated effector molecules re- 
mains elusive, but components of the repulsive 
Semaphorin-Neuropilin and Slit-Robo signaling 
pathways have been implicated as downstream 
mediators of Islet1/2 in preventing motor neu- 
ron emigration into the PNS (62). Together, these 
studies show that motor neurons rely on mul- 
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tiple, nonredundant signaling mechanisms to 
remain within the CNS. 

In fish and amphibians, but not in amniotes, 
an additional population of CNS neurons projects 
axons across the CNS-PNS border: Rohon-Beard 
sensory neurons. These neurons reside in the 
dorsal spinal cord and send axons into the 
periphery, but the mechanisms that contain 
their cell bodies within the CNS are unknown. 

Behaving as a mirror image of motor and 
Rohon-Beard neurons, peripheral sensory neurons 
project axons into the CNS. The only documented 
instance of neurons aberrantly entering the CNS 
occurs in mice lacking Sixl and Six4—loss of these 
transcription factors impairs differentiation of 
dorsal root ganglion neurons and causes their 
migration into the spinal cord through the DREZ 
(63). It is not known whether this reflects im- 
paired responsiveness of sensory neurons to 
inhibitory signals or pleiotropic effects on the 
structure of the CNS-PNS border. 

When motor or sensory neuron somata ab- 
errantly cross between the CNS and PNS, they 
always do so through transition zones, suggesting 
that these exit and entry points are more permis- 
sive for neuronal migration than the rest of the 
CNS-PNS boundary. Consistent with this idea, tran- 
sition zones in the hindbrain are also vulnerable 
to ectopic migration of nonmotor neurons out of 
the CNS. Rhombic lip-derived pontine neurons 
migrate long distances underneath the hindbrain 
pial surface, where they must maneuver around 
multiple cranial nerve exit points before reaching 
their final location (64). Netrin-1 is present in the 
basement membrane at the pial surface and func- 
tions as a guidance substrate for pontine neurons, 
which express DCC. When Netrin-1 or DCC are 
deleted, pontine neurons aberrantly leave the 
hindbrain through cranial nerves and enter the 
PNS (65, 66). Because these defects arise despite 
normal BC cell localization and radial glia mor- 
phology, this suggests that Netrin-1 chemotactic 
or haptotactic activity keeps pontine neurons on 
the correct path to promote their retention in the 
CNS (65, 66) and supports the idea that CNS neurons 
are vulnerable to exiting into the PNS when their 
normal migratory trajectories are disrupted. 

Transgressions of the CNS-PNS boundary by 
neurons at sites other than transition zones are 
rare and appear to require a more dramatic 
breakdown of the barrier. Defects in radial glia 
or basement membrane formation in the cerebral 
cortex result in overmigration of neurons into the 
marginal zone and subarachnoid space of the 
meninges (67-73), indicating that these compo- 
nents of the CNS-PNS border keep neuronal cell 
bodies confined to the cortex. Disruptions of the 
radial glia scaffold in the spinal cord have not 
been reported to cause similar nonspecific breach- 
ing of the CNS-PNS border outside of transition 
zones, but the reasons underlying this difference 
between cortex and spinal cord are unclear. 


Allowing the right axons to connect the 
CNS and PNS 


To project across the CNS-PNS interface, axons 
must penetrate between radial glia endfeet and 
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through the basement membrane and meninges 
(Figs. 1 and 3A). At the time when motor and 
sensory axons navigate through MEPs and 
DREZs, respectively, radial glia endfeet form 
an incomplete barrier with numerous gaps (8), 
and olfactory sensory axons enter the olfactory 
bulb through small fenestrations in the base- 
ment membrane (74). This suggests that gaps 
in the CNS-PNS barrier might be required to 
permit axon growth through transition zones. 
However, recent work has also highlighted the 
importance of transient morphological and func- 
tional changes in sensory and motor axon growth 
cones for crossing the CNS-PNS border. When 
pioneer axons reach prospective CNS exit and 
entry points, they pause, reorganize their growth 
cones into a structure called an invadopodium, 
and secrete matrix metalloproteases to digest the 
ECM and puncture through the basement mem- 
brane (75, 76). Therefore, axons can themselves 
create gaps necessary for crossing the CNS-PNS 
barrier. When the radial glia endfeet barrier at 
the DREZ is removed, sensory axon growth cones 
enter the CNS without transforming into invado- 
podia (75), suggesting that invadopodium forma- 
tion is triggered by contact with radial glia or 
radial glia-derived ECM and is only required for 
neural tube entry when the CNS-PNS border 
is intact. 

Local disruption of the CNS-PNS boundary is 
likely a prerequisite for axon crossing at tran- 
sition zones, but instructive cues are needed to 
guide axons toward and across the CNS-PNS 
interface. Consistent with this notion, multiple 
studies indicate that motor axons exit the CNS 
in response to signals provided by peripheral 
tissues. In zebrafish, a myotome-expressed gly- 
cosyltransferase, LH3, is required for motor axon 
exit from the spinal cord, embryonic motility, 
and survival. LH3 (encoded by the diwanka 
gene) likely functions by adding sugar mod- 
ifications to myotomal type XVIII collagen, 
which are needed for this ECM molecule to 
direct pioneer motor axons into the spinal 
cord periphery (Fig. 3F) (77, 78). In mice, the 
CXCL12-CXCR4 signaling pathway has been 
implicated in motor axon exit from the spinal 
cord. CXCR4 is expressed by motor neurons, 
whereas CXCL12 is expressed by the meninges 
and mesenchyme surrounding the spinal cord 
(Fig. 3A), and many motor axons fail to leave the 
spinal cord in Cxcl12 and Cxcr4 mutant mice, 
instead projecting either medially to the ven- 
tricular zone or dorsally to the DREZ (79) (Fig. 
3C). This suggests that CXCL12 functions as an 
attractive peripheral cue that promotes motor 
axon exit. Guidance molecules that direct sen- 
sory axons to DREZs and into the spinal cord 
remain elusive, but BC cells have been impli- 
cated as a likely source of such cues (27). Only 
slightly more is known about signaling mecha- 
nisms that promote olfactory sensory axon en- 
try into the brain (74, 80). The only clear-cut 
example of a molecule that guides these ax- 
ons across the CNS-PNS border is the secreted 
Semaphorin Sema3A, which is expressed in the 
olfactory bulb. In Sema3A-knockout mice, most 


Suter et al., Science 365, eaaw8231 (2019) 


olfactory and vomeronasal axons fail to cross 
the CNS-PNS boundary and instead accumulate 
at the cribriform plate or misroute dorsally into 
meningeal tissue, but how exactly Sema3A steers 
olfactory axons in this system is unclear (81). 
Additional cues that direct motor and sensory 
axons to their transition zones, as well as the 
tissues producing these cues, remain to be iden- 
tified. Recent in vitro studies provide evidence 
that the developing mouse spinal cord meninges 
secrete diffusible, as yet unidentified chemo- 
attractants for somatosensory and motor axons, 
which could help to guide these axons to the 
CNS-PNS interface (16) (Fig. 3A). 

Although attractive signals appear instru- 
mental in guiding motor and sensory axons 
across transition zones, multiple studies have 
highlighted that these axons also need to avoid 
navigating to inappropriate targets en route to 
CNS exit and entry points. In Robo1/2 double- 
knockout mice, a subset of motor axons fails to 
reach the MEP and instead projects across the 
spinal cord midline (Fig. 3D) (82-84). Robos can 
mediate axon repulsion from their Slit ligands while 
suppressing DCC-mediated attraction to Netrin-1 
(85, 86), and the motor axon guidance defect in 
Robol/2 mutant mice is therefore likely a result 
of reduced repulsion from midline-derived Slits 
and/or increased Netrin-1 attraction. Similarly, the 
Rho-GTPase antagonist pI9ORhoGAP was recently 
shown to suppress Netrin-DCC attractive signal- 
ing in motor axons, thereby allowing motor axons 
to ignore attraction to basement membrane- 
associated Netrin-1 and project into the periph- 
ery through the MEP (87) (Fig. 3B). This pathway 
seems to function in parallel to the CXCL12-CXCR4: 
pathway to collaboratively steer motor axons out of 
the spinal cord (79, 87). In summary, motor axon 
exit from the CNS requires suppression of attract- 
ive signals within the spinal cord in addition to 
attraction to the MEP and peripheral tissues. Con- 
sistent with a direct role for repulsive signaling 
in directing axons of CNS-resident neurons to 
their exit points, Rohon-Beard sensory axons 
in embryonic zebrafish require Sema3D, which 
is expressed in the spinal cord roof plate, to leave 
the CNS (88). Similar pathways that steer pe- 
ripheral sensory axons to their CNS entry points 
have so far remained elusive. 

Lastly, the location of spinal cord MEPs ap- 
pears sensitive to signals that change motor neu- 
ron cell body or axon positioning. In both mice 
and zebrafish, loss of CNS-derived perineurial 
glia after Nkx2.2 deletion causes not only motor 
neuron emigration but also aberrant motor ax- 
on exit from the CNS at sites lateral to the MEP 
(31-33). Owing to the additional expression of 
Nkx2.2 in ventral spinal cord neurons, it is un- 
clear whether these changes result exclusively 
from effects on perineurial glia. Mutations in 
Netrin-1 or DCC affect motor neuron cell body 
positioning and cause the MEP to shift dorso- 
laterally, whereas mutations in Slit genes or 
Robol/2 result in a ventral shift. When both 
signaling pathways are inactivated simulta- 
neously, the MEP remains in its normal position, 
suggesting that push/pull signals from spinal 
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cord midline-derived Netrin-1 and Slits dictate 
MEP location (84, 89). Therefore, the position- 
ing of transition zones is, at least partially, shaped 
by the axons that cross the border. 


Preventing the wrong axons from leaving 
the CNS 


How most axons are forced to remain within 
either the CNS or PNS has not been extensively 
investigated, but several studies support the 
existence of mechanisms that actively prevent 
CNS axons from projecting into the PNS. In vitro 
experiments demonstrate that the meninges se- 
crete repulsive axon guidance molecules for dor- 
sal spinal cord neurons and suggest that these 
still unidentified cues could aid in preventing 
axons from aberrantly exiting the CNS (16) (Fig. 
3A). Moreover, in Netrin-1 knockout mice, ax- 
ons of commissural and ipsilaterally projecting 
neurons in the spinal cord, as well as pontine 
neuron axons in the hindbrain, aberrantly exit 
the CNS through transition zones (65, 66, 90-92) 
(Fig. 3E). Similar defects are observed in mice 
lacking the Netrin receptors DCC or Uncd5c; 
however, in Unc5c knockout mice, CNS axons 
invade the DREZ but do not fully exit the CNS (90). 
Analysis of these mutant lines suggests two pos- 
sible mechanisms through which Netrin-1 could 
prevent CNS axons from projecting into the PNS: 
(i) drawing axons away from transition zones by 
attractive signaling and (ii) creating an inhibitory 
environment at the DREZ (90). The full complement 
of mechanisms that prevent axons from crossing 
the CNS-PNS border remains to be uncovered. 


Outlook 


Multiple cell types and signaling pathways exert 
tight control over the movement of cells and 
axons between the developing vertebrate CNS 
and PNS. A multilayered barrier surrounds the 
brain and spinal cord to prevent aberrant inter- 
mixing of CNS and PNS components, and spe- 
cialized transition zones allow regulated cell 
migration and axon growth across the CNS- 
PNS boundary. Studies in various vertebrate 
species have begun to unravel some of the rules 
that govern cellular traffic at the CNS-PNS in- 
terface; it appears that these findings frequently 
arose fortuitously through chance discovery of 
instances in which cells and axons aberrantly 
crossed between the two subdivisions of the 
nervous system or failed to do so in cases when 
they should have. Tellingly, for the overwhelming 
majority of aberrant CNS-PNS boundary trans- 
gressions, defects are restricted to transition 
zones. This underscores the permissive nature 
of these access points, the importance of multiple 
mechanisms to regulate cell migration and axon 
growth at these sites, and their plasticity in re- 
sponse to physical injury or developmental de- 
fects. It also highlights the fact that, aside from 
transition zones, the CNS-PNS border appears 
to be very robust, likely using numerous, at least 
partially redundant mechanisms to restrict ab- 
errant movement across this boundary. More 
directed research efforts to understand the 
CNS-PNS interface promise to elucidate the full 
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repertoire of cellular interactions and molecular 
signaling pathways that control this key dividing 
line in the nervous system. These future studies 
will likely also provide additional insights into 
the roles of transition zones in response to ner- 
vous system injury and regeneration. Finally, 
some of the cell types and molecules control- 
ling axon guidance at the Drosophila CNS-PNS 
boundary have been uncovered (93-97), and 
continued study of this interface in multiple 
model organisms, including invertebrates, will 
contribute to our understanding of the evolu- 
tion of CNS-PNS segregation and connectivity. 
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INTRODUCTION: Across human societies and 
in both sexes, some 2 to 10% of individuals 
report engaging in sex with same-sex part- 
ners, either exclusively or in addition to sex 
with opposite-sex partners. Twin and family 
studies have shown that same-sex sexual be- 
havior is partly genetically influenced, but 
previous searches for the specific genes in- 
volved have been underpowered to detect ef- 
fect sizes realistic for complex traits. 


RATIONALE: For the first time, new large- 
scale datasets afford sufficient statistical 
power to identify genetic variants associated 
with same-sex sexual behavior (ever versus 
never had a same-sex partner), estimate the 
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(N=408,995) (N=68,527) 
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proportion of variation in the trait accounted 
for by all variants in aggregate, estimate the 
genetic correlation of same-sex sexual behav- 
ior with other traits, and probe the biology 
and complexity of the trait. To these ends, we 
performed genome-wide association discov- 
ery analyses on 477,522 individuals from the 
United Kingdom and United States, repli- 
cation analyses in 15,142 individuals from 
the United States and Sweden, and follow- 
up analyses using different aspects of sexual 
preference. 


RESULTs: In the discovery samples (UK 
Biobank and 23andMe), five autosomal loci 
were significantly associated with same-sex 
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A genome-wide association study (GWAS) of same-sex sexual behavior reveals five loci and high 
polygenicity. Follow-up analyses show potential biological pathways; show genetic correlations with 
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sexual behavior. Follow-up of these loci sug- 
gested links to biological pathways that involve 
sex hormone regulation and olfaction. Three of 
the loci were significant in a meta-analysis 
of smaller, independent replication samples. 
Although only a few loci passed the stringent 
statistical corrections for genome-wide multi- 
ple testing and were replicated in other sam- 
ples, our analyses show that many loci underlie 
same-sex sexual behavior in both sexes. In 
aggregate, all tested genetic variants accounted 
for 8 to 25% of variation in male and female 
same-sex sexual behavior, and the genetic 
influences were positively 
but imperfectly corre- 
Read the full article lated between the aoe 
at http://dx.doi. [genetic correlation co- 
org/10.1126/ efficient (7g) = 0.63; 95% 
science.aat/693 confidence intervals, 0.48 
to 0.78]. These aggregate 
genetic influences partly overlapped with 
those on a variety of other traits, including 
externalizing behaviors such as smoking, 
cannabis use, risk-taking, and the personality 
trait “openness to experience.” Additional 
analyses suggested that sexual behavior, at- 
traction, identity, and fantasies are influenced 
by a similar set of genetic variants (r, > 0.83); 
however, the genetic effects that differentiate 
heterosexual from same-sex sexual behavior 
are not the same as those that differ among 
nonheterosexuals with lower versus higher 
proportions of same-sex partners, which sug- 
gests that there is no single continuum from 
opposite-sex to same-sex preference. 


CONCLUSION: Same-sex sexual be- 
havior is influenced by not one or a 
few genes but many. Overlap with 
genetic influences on other traits pro- 
vides insights into the underlying bi- 
ology of same-sex sexual behavior, 
and analysis of different aspects of 
sexual preference underscore its 
complexity and call into question 
the validity of bipolar continuum 
measures such as the Kinsey scale. 
Nevertheless, many uncertainties re- 
main to be explored, including how 
sociocultural influences on sexual pref- 
erence might interact with genetic 
influences. To help communicate our 
study to the broader public, we orga- 
nized workshops in which represen- 
tatives of the public, activists, and 
researchers discussed the rationale, re- 
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various traits; and indicate that sexual preference is a complex, heterogeneous phenotype. 
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Large-scale GWAS reveals insights 
into the genetic architecture of 
same-sex sexual behavior 


Andrea Ganna’”****, Karin J. H. Verweij’*, Michel G. Nivard®, Robert Maier”, 
Robbee Wedow’®”*91°™", Alexander S. Busch’”*!*""*, Abdel Abdellaoui®, Shengru Guo’”, 
J. Fah Sathirapongsasuti!®, 23andMe Research Team’*, Paul Lichtenstein’, 

Sebastian Lundstrém”’, Niklas Langstr6m*, Adam Auton’®, Kathleen Mullan Harris'*”, 


Gary W. Beecham”, Eden R. Martin’’, Alan R. Sanders?®’, John R. B. Perry’, 
Benjamin M. Neale””*+, Brendan P. Zietsch??++ 


Twin and family studies have shown that same-sex sexual behavior is partly genetically 
influenced, but previous searches for specific genes involved have been underpowered. We 
performed a genome-wide association study (GWAS) on 477,522 individuals, revealing 
five loci significantly associated with same-sex sexual behavior. In aggregate, all tested 
genetic variants accounted for 8 to 25% of variation in same-sex sexual behavior, only 
partially overlapped between males and females, and do not allow meaningful prediction of 
an individual's sexual behavior. Comparing these GWAS results with those for the 
proportion of same-sex to total number of sexual partners among nonheterosexuals 
suggests that there is no single continuum from opposite-sex to same-sex sexual behavior. 
Overall, our findings provide insights into the genetics underlying same-sex sexual 
behavior and underscore the complexity of sexuality. 


cross human societies and in both sexes, 

some 2 to 10% of individuals report en- 

gaging in sex with same-sex partners, 

either exclusively or in addition to sex with 

opposite-sex partners (7-4). The biological 
factors that contribute to sexual preference are 
largely unknown (5), but genetic influences are 
suggested by the observation that same-sex sex- 
ual behavior appears to run in families (6) and is 
concordant more often in genetically identical 
(monozygotic) twin pairs than in fraternal twin 
pairs or siblings (7). 

With respect to genetic influences, several 
questions arise. First, what genes are involved 
and what biological processes do they affect? 
Previous reports of genetic variants associated 
with sexual orientation (8-10) were based on 
relatively small samples and did not meet cur- 
rent standards of genome-wide significance 


(P <5 x 107%). Identification of robustly asso- 
ciated variants could enable exploration of the 
biological pathways and processes involved in 
development of same-sex sexual behavior. One 
hypothesis suggests that sex hormones are in- 
volved (11-13), but little direct genetic or biological 
evidence is available. Second, to what extent are 
genetic influences the same or different for fe- 
males and males; behavior, attraction, and iden- 
tity; and heterosexuality and different same-sex 
sexual behaviors (such as bisexuality)? 

In order to identify genetic variants associated 
with same-sex sexual behavior and explore its 
genetic architecture and underlying biology, we 
performed a genome-wide association study 
(GWAS) of same-sex sexual behavior. Analyses 
were conducted in the UK Biobank from the 
United Kingdom and a cohort of research par- 
ticipants from 23andMe, predominantly located 


in the United States, and replications were per- 
formed in three other smaller studies. This study 
is part of a preregistered research plan (Open 
Science Framework; https://osf.io/357tn), and we 
explain our deviations from that plan in (/4). 


Phenotypic characterization 


The UK Biobank study comprises a sample of 
~500,000 genotyped UK residents aged 40 to 
70 years (tables S1 and S2) (/4). Our primary 
phenotype of interest is a binary, self-reported 
measure of whether respondents had ever had 
sex with someone of the same sex (here termed 
“nonheterosexuals”) or had not (here termed 
“heterosexuals”) (Box 1). 

In the UK Biobank sample, 4.1% of males and 
2.8% of females reported ever having had sex 
with someone of the same sex (tables S1 and 82), 
with higher rates among younger participants 
(Fig. 1A). This binary phenotype follows from 
previous work proposing that sexual preference 
is taxonic rather than dimensional in structure, 
with individuals reporting exclusively opposite- 
sex preference differing from individuals report- 
ing any same-sex preference (15). However, the 
binary variable also collapses rich and multi- 
faceted diversity among nonheterosexual individ- 
uals (5), so we explored finer-scaled measurements 
and some of the complexities of the phenotype, 
although intricacies of the social and cultural 
influences on sexuality made it impossible to 
fully explore this complexity. The 23andMe 
sample comprised 23andMe customers who 
consented to participate in research and chose 
to complete a survey about sexual orientation 
(from many possible survey topics). Individuals 
who engage in same-sex sexual behavior may be 
more likely to self-select the sexual orientation 
survey, which would explain the unusually high 
proportion of individuals who had had same- 
sex sexual partners in this sample (18.9%) (table 
83) (14). 

We also performed replication analyses in 
three smaller datasets (4): (i) Molecular Genetic 
Study of Sexual Orientation (MGSOSO) (n = 
2308 U.S. adult males), in which respondents 
were asked about their sexual identity; (ii) 
Add Health (n = 4755 U.S. young adults), in 
which respondents were asked whether they 
ever had same-sex intercourse and whether they 
were romantically attracted to the same sex; and 
(iii) Child and Adolescent Twin Study in Sweden 
(CATSS) (n = 8093 Swedish adolescents), in which 
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Box 1. Phenotype and sample definition and limitations. 


In this study, we use the term “same-sex sexual behavior,” which is defined as having ever 
had sex with someone of the same sex. Detailed descriptions of the variables used in the 
different cohorts can be found in the supplementary materials (14). 

To aid in readability throughout the manuscript, in some places we refer to individuals who 
have ever had sex with someone of the same sex as “nonheterosexuals,” whereas we refer to 
individuals who have never had sex with someone of the same sex as “heterosexuals.” 

We acknowledge that the grouping phrase “nonheterosexuals” has the potential to present 
messages of othering (that is, undesirable marginalization of another person or group on the 
basis of their sexual expression)—by defining an “outgroup” in reference to an “ingroup” and 
implying that “nonheterosexual behavior” may have a negative connotation, whereas “hetero- 
sexual behavior” may have a positive one. We wish to make clear that our choice of language is 
not meant to forward messages of othering on the basis of sexual behavior. 

Throughout this manuscript, we use the terms “female” and “male” rather than “woman” 
and “man.” This is because our analyses and results relate to biologically defined sex, not to 
gender. 

As is common in genetic analyses, we dropped individuals from our study whose biological 
sex and self-identified sex/gender did not match. This is an important limitation of our analyses 
because the analyses do not include transgender persons, intersex persons, and other important 
persons and groups within the queer community. We hope that this limitation will be addressed 
in future work. 
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Fig. 1. Descriptive statistics regarding same-sex sexual behavior in the UK Biobank. 

(A) The percentage of participants in the UK Biobank who reported having had at least one 
same-sex sexual partner (y axis) increased with participants’ year of birth (x axis). (B) Among 
participants reporting at least one same-sex partner, those with a greater proportion of 
same-sex partners (x axis) have a larger reproductive disadvantage (lower birth-year adjusted 
number of children) (y axis). Vertical bars represent 95% Cls. 
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participants reported the degree of attraction to 
the same versus opposite sex. 

We observed in the UK Biobank that individ- 
uals who reported same-sex sexual behavior had 
on average fewer offspring than those of indi- 
viduals who engaged exclusively in heterosexual 
behavior, even for individuals reporting only a 
minority of same-sex partners (Fig. 1B). This 
reduction in number of children is comparable 
with or greater than for other traits that have 
been linked to lower fertility rates (fig. S1) (14). 
This reproductive deficit raises questions about 
the evolutionary maintenance of the trait, but we 
do not address these here. 


Genetic architecture of same-sex 
sexual behavior 


We first assessed whether same-sex sexual be- 
havior clustered in families in a manner con- 
sistent with genetic influences on the phenotype. 
Among pairs of individuals in the UK Biobank 
related at full cousin or closer [as identified by 
genomic similarity (14); n pairs = 106,979], more 
closely related individuals were more likely to be 
concordant in terms of same-sex sexual behav- 
ior. By modeling the correspondence of related- 
ness among individuals and the similarity of 
their sexual behavior, we estimated broad-sense 
heritability—the percentage of variation in a trait 
attributable to genetic variation—at 32.4% [95% 
confidence intervals (CIs), 10.6 to 54.3] (table S4). 
This estimate is consistent with previous estimates 
from smaller twin studies (7). 

To identify genetic variants [largely single- 
nucleotide polymorphisms (SNPs)] associated 
with same-sex sexual behavior, we performed a 
GWAS in the UK Biobank study (nm = 408,995 
individuals) (14). To increase power and gen- 
eralizability of our results, we also performed a 
GWAS in the cohort from 23andMe using an 
equivalent variable (individuals who reported 
having had sex with “Other sex only” versus the 
other options on a seven-point scale regarding 
participants’ sexual partners) (m = 68,527 indi- 
viduals, of which 12,933 reported same-sex sex- 
ual behavior) (table S3) (14). We estimated the 
genetic correlation (16) between different heri- 
table traits to determine the degree of consist- 
ency of genetic influences on same-sex sexual 
behavior in the two studies, which was high 
[genetic correlation coefficient (7,) = 0.87; 95% 
CIs, 0.67 to 1.06] (table S5) (14). Genetic corre- 
lations between same-sex sexual behavior and 
28 different traits were largely similar in the UK 
Biobank and 23andMe (fig. $2) (74), although a 
few differences were observed; for example, in 
females, the genetic correlations between same- 
sex sexual behavior and anorexia were in oppo- 
site directions in the UK Biobank (7, = -0.36; 95% 
CIs, -0.60 and -0.09) and 23andMe data (r, = 
0.36; 95% CIs, 0.08 to 0.65; Wald test P value 
for differences = 0.0001). Overall, these results 
indicate that the genetic influences on same-sex 
sexual behavior in the two samples is similar, 
although there is some suggestion of pheno- 
typic heterogeneity. We meta-analyzed the two 
sample sets using MTAG (17), which models 
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Fig. 2. Manhattan plot for a GWAS of same-sex sexual behavior. Diamonds (red) represent genome-wide significant signals from analysis of males and 
females combined, and triangles represent genome-wide significant signals that are female (pointing up, blue) or male (pointing down, green) specific. 


their genetic correlation to determine the meta- 
analytic weights, yielding a total sample size of 
477,522 individuals (26,827 individuals report- 
ing same-sex sexual behavior). 

After standard quality control checks (table S6) 
(14), we identified two genome-wide significant 
signals for same-sex sexual behavior (rs11114975- 
12q21.31 and rs10261857-7q31.2) (Fig. 2 and tables 
S7 and S8). We discuss these SNPs further in the 
section “In-silico follow-up of GWAS results.” To 
assess differences in effects between females and 
males, we also performed sex-specific analyses. 
These results suggested only a partially shared 
genetic architecture across the sexes; the across- 
sex genetic correlation was 0.63 (95% CIs, 0.48 
to 0.78) (table S9). This is noteworthy given that 
most other studied traits show much higher 
across-sex genetic correlations, often close to 
1 (18-21). Through the sex-specific analyses, 
we identified two additional signals in males 
(1s28371400-15q21.3 and rs34730029-11q12.1), 
which showed no significant association in 
females, and one in females (rs13135637-4p14), 
which showed no significant association in males. 
Overall, three of the SNPs replicated at a nominal 
P value in the meta-analyzed replication datasets 
(Wald test P = 0.027 for rs34730029, P = 0.003 
for rs28371400, and P = 0.006 for rs11114.975) 
(table S10), despite the much smaller sample 
size (MGSOSO, Add Health, and CATSS; total 
sample size = 15,156 individuals, effective sam- 
ple size = 4887 individuals). 

The SNPs that reached genome-wide signif- 
icance had very small effects (odds ratios ~1.1) 
(table S7). For example, in the UK Biobank, males 
with a GT genotype at the rs34730029 locus had 
0.4% higher prevalence of same-sex sexual be- 
havior than those with a TT genotype (4.0 ver- 
sus 3.6%). Nevertheless, the contribution of all 
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Fig. 3. SNP-based versus family-based heritability estimates for same-sex sexual behavior 
compared with a variety of other traits. Heritability, h*; same-sex sexual behavior, red dot; other 
traits, gray dots. The estimates for all traits are provided in table S23. Horizontal bars represent 
95% Cls for the SNP-based estimate, and vertical bars represent 95% Cls for the family-based 
estimate. Dashed and solid lines represent the observed (obtained by linear regression) and 
expected relationship between family-based and SNP-based heritability, respectively. 


measured common SNPs in aggregate (SNP- 
based heritability) was estimated to be 8 to 25% 
(95% CIs, 5 to 30%) of variation in female and 
male same-sex sexual behavior, in which the 
range reflects differing estimates by using dif- 
ferent analysis methods or prevalence assump- 
tions (table S11) (74). The discrepancy between 
the variance captured by the significant SNPs 
and all common SNPs suggests that same-sex 
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sexual behavior, like most complex human traits, 
is influenced by the small, additive effects of 
very many genetic variants, most of which 
cannot be detected at the current sample size 
(22). Consistent with this interpretation, we 
show that the contribution of each chromo- 
some to heritability is broadly proportional to 
its size (fig. S3) (14). In contrast to linkage studies 
that found substantial association of sexual 
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Fig. 4. Genetic correlations of same-sex sexual behavior with various preselected traits and 
disorders, separately for males and females. Males, green; females, blue. Yellow asterisks denote 
the genetic correlations that were experiment-wise significant (P < 8.9 x 107*; references, 
definitions, and full results can be found in table S19). Wald test P values for the genetic correlations 
are reported above each dot. Horizontal bars represent 95% Cls. 


orientation with variants on the X-chromosome 
(8, 23), we found no excess of signal (and no 
individual genome-wide significant loci) on the 
X-chromosome (fig. S4). 

To test whether these aggregate estimates of 
genetic effects correlate with sexuality in other 
samples, we constructed polygenic scores for 
same-sex sexual behavior (14, 24). These poly- 
genic scores were significantly associated with 
sexual identity in MGSOSO (Wald test, P = 0.001) 
and same-sex attraction in the Add Health (P = 
0.017) and CATSS (P = 3.5 x 10~°) studies (tables 
$12, S13, and S14). In CATSS, polygenic scores 
were also significantly associated with sexual at- 
traction in participants at age 15 years (P = 6.4 x 
10°), suggesting that at least some of the genetic 
influences on same-sex sexual behavior manifest 
early in sexual development. The purpose of these 
analyses is to further characterize the genetic 
influences on same-sex sexual behavior and not 
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to predict same-sex sexual behavior on the in- 
dividual level. In all cases, the variance explained 
by the polygenic scores was extremely low (<1%); 
these scores could not be used to accurately 
predict sexual behavior in an individual. 
Overall, these findings suggest that genetic 
influences on same-sex sexual behavior are 
highly polygenic and are not specific to the 
discovery samples or measures. All the SNPs 
measured, when combined, do not capture the 
entirety of family-based heritability (8 to 25% 
from GWAS versus 32% from family-based meth- 
ods). In this, same-sex sexual behavior is similar 
to many other complex traits; the ratio between 
family-based heritability and SNP-heritability es- 
timated in the same sample is consistent with 
empirical findings for the other 16 traits we 
tested (family heritability approximately three 
times larger than SNP-heritability) (Fig. 3) (74). 
There are many possible reasons for this dis- 
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crepancy, including, but not limited to, variants 
not captured by genotyping arrays, nonadditive 
genetic effects, and phenotypic heterogeneity. 


In silico follow-up of GWAS results 


To explore the biological processes that may in- 
fluence same-sex sexual behavior, we performed 
cell- and tissue-type enrichment analyses using 
the GWAS discovery dataset (14, 25). We did not 
find clear evidence of enrichment for any par- 
ticular cell or tissue (fig S5). However, we did find 
that genes near variants associated with same- 
sex sexual behavior are more likely than chance 
to be highly constrained [having unusually low 
prevalence of loss-of-function variants, suggest- 
ing stronger evolutionary constraint (14, 26)], 
even after controlling for expression in the brain 
(table S15). 

At the level of individual loci, we investigated 
biological pathways by integrating information 
from expression quantitative trait loci (eQTL) 
analyses (27), phenome-wide association study 
(PheWAS) (table S16) (28), and gene-based anal- 
ysis by using MAGMA (/4, 29). A full report 
can be found in table S17. Here, we highlight 
findings relating to the two SNPs associated 
with male same-sex sexual behavior: rs34730029 
and rs28371400. First, the locus encompassing 
1s34730029-11q12.1 contains a number of olfac- 
tory receptor genes (several of which were signi- 
ficantly associated with same-sex sexual behavior 
in a gene-based test) (fig. S6 and table S18). This 
SNP is correlated [linkage disequilibrium, coef- 
ficient of determination (R?) = 0.70] with a 
missense variant (rs6591536) in OR5SAI that has 
been reported to have a substantial effect on 
the sensitivity to certain scents (30). Second, 
rs28371400-15q21.3 had several indications of 
being involved in sex hormone regulation: The 
allele positively associated with same-sex sexual 
behavior is associated with higher rate of male 
pattern balding [in which sex-hormone sensi- 
tivity is implicated (31)] and is located ~20 kb 
upstream of the TCF12 gene. TCFI2 is the pri- 
mary heterodimerization partner for TCF2/, a 
transcription factor essential for normal develop- 
ment of the gonads in mice (32), and is involved in 
the downstream actions of the SRY gene (which is 
responsible for the initiation of male sex determi- 
nation) in humans (33). 


Genetic correlations with other traits 


Next, we explored the genetic correlations be- 
tween same-sex sexual behavior and 28 other 
relevant traits chosen before the analyses, using 
summary statistics from other GWASs (Fig. 4 
and table S19) (14). In particular, we included 
mental health traits because they are substantially 
heritable (34), and previous population surveys 
have shown elevated risk of adverse mental 
health outcomes (such as depression, anxiety, or 
substance use) in sexual minority populations, 
including individuals engaging in same-sex sexual 
behavior (35, 36). 

We found several personality traits (loneliness 
and openness to experience), risky behaviors 
(smoking and cannabis use) and mental health 
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Fig. 5. Complexity and heterogeneity of genetic influences. (A) Genetic correlations between the main phenotype (same-sex sexual behavior; 
heterosexuals versus nonheterosexuals) and proportion of same-sex to total sexual partners among nonheterosexuals, in the UK Biobank and 23andMe 
samples. (B) Scatterplot showing genetic correlations of the main phenotype (x axis) and the proportion of same-sex to total partners among 


nonheterosexuals (y axis) with various other traits (table S21). (©) Genetic correlations among different sexual preference items in the 23andMe sample. 


disorders, but not physical traits, to be signifi- 
cantly genetically correlated with same-sex sexual 
behavior. We found in both sexes that same-sex 
sexual behavior was positively genetically corre- 
lated with several psychiatric or mental health 
traits [for example, depression, 7, = 0.44 in fe- 
males (95% CIs, 0.32 and 0.55), rg = 0.33 in 
males (95% CIs, 0.22 and 0.43); schizophrenia, 
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Tz = 0.17 in females (95% CIs 0.08 and 0.35), 
r, = 0.13 in males (95% CIs, 0.05 and 0.26); all 
Wald test P < 0.001]. We emphasize that the 
causal processes underlying these genetic cor- 
relations are unclear and could be generated 
by environmental factors relating to prejudice 
against individuals engaging in same-sex sexual 
behavior, among other possibilities, which we 
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discuss in (14). Some associations were sex spe- 
cific. In particular, the genetic correlations with 
bipolar disorder, cannabis use, and number of 
sexual partners were significantly higher in fe- 
males than in males (Wald test P = 0.001, 1.47 x 
10°°, and 3.13 x 10~° respectively) (table S19). 
Last, given the potential roles of sex hormones 
in sexual behaviors, we directly explored whether 
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Box 2. Communication and interpretation. 


The topic explored in this study is complex and intersects with sexuality, identity, and 
attraction and potentially has civil and political implications for sexual minority groups. 


Therefore, we have 


Engaged with science communication teams, 

Engaged with LGBTQIA+ advocacy groups nationally and within our local institutions, and 

Tried to make clear the many limitations and nuances of our study and our phenotypes. 

We wish to make it clear that our results overwhelmingly point toward the richness and 
diversity of human sexuality. Our results do not point toward a role for discrimination on the 
basis of sexual identity or attraction, nor do our results make any conclusive statements about 
the degree to which “nature” and “nurture” influence sexual preference. 


there is a genetic correlation with serum sex- 
hormone-binding globulin (SHBG) levels (37), 
which are thought to be inversely related to 
bioactive testosterone and estrogen in females 
and males, respectively (38). There was a sig- 
nificant correlation in females (r, = 0.25, Wald 
test P = 0.03) but not in males (7, = 0.10, Wald 
test P = 0.32). 


Complexity and heterogeneity 


To maximize our sample size and increase the 
power to detect SNP associations, we defined 
our primary phenotype as ever or never having 
had a same sex partner. Such a measure fails to 
capture the multifaceted richness and complexity 
of human sexual orientation. To explore the 
consequences of this simplification, we pursued 
genetic analyses across different aspects of sexual 
preference and behavior. 

First, within participants reporting same-sex 
sexual behavior, we performed a GWAS on the 
proportion of same-sex partners to total part- 
ners, with a higher value indicating a higher 
proportion of same-sex partners (/4). In the UK 
Biobank, this is measured directly from partic- 
ipants’ reported number of same-sex and all 
partners, whereas in 23andMe, we used partic- 
ipants’ raw responses to the item “With whom 
have you had sex?”, which in individuals report- 
ing same-sex sexual behavior could be “other 
sex mostly,” “other sex slightly,” “equal,” “same 
sex slightly,” “same sex mostly,” or “same sex 
only.” The UK Biobank and 23andMe variables 
were heritable (table S20A) and genetically cor- 
related with each other (7, = 0.52 and 95% Cls, - 
0.16 to 1.20 for females; 7, = 0.73 and 95% CIs, 
0.18 to 1.27 for males) (Fig. 5A and table S20C), 
so we used MTAG to meta-analyze across the 
two studies for subsequent analyses. 

We found little evidence for genetic correla- 
tion of the proportion of same-sex to total part- 
ners among individuals reporting same-sex 
sexual behavior (nonheterosexuals) with the 
binary same-sex sexual behavior variable [7, = 
-0.31 (95% CIs, -0.62 to 0.00) for females and 
T. = 0.03 (95% CIs, -0.18 to 0.23) for males] 
(table S20B). Further, this phenotype showed a 
markedly different pattern of genetic correla- 
tions with other traits, as compared with cor- 
responding genetic correlations with the binary 
same-sex sexual behavior variable (Fig. 5B and 
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table S21). These findings suggest that the same- 
sex sexual behavior variable and the proportion 
of same-sex partners among nonheterosexuals 
capture aspects of sexuality that are distinct on 
the genetic level, which in turn suggests that 
there is no single continuum from opposite-sex 
to same-sex sexual behavior. Interpretations of any 
one set of results in our study must consider this 
complexity. 

With this in mind, we examined the possi- 
bility of different genetic variants distinguishing 
heterosexual behavior from differing proportions 
of same-sex partners within nonheterosexuals. 
To do so, we performed additional GWASs in 
the UK Biobank data on the following traits: 
those whose partners were (i) less than a third 
same-sex, (ii) between a third and two-thirds 
same-sex, (iii) more than a third same-sex, and 
(iv) exclusively same-sex. Genetic correlations of 
the first three categories with the fourth were 
0.13, 0.80, and 0.95 (table S22), indicating partly 
different genetic variants distinguishing hetero- 
sexual behavior from differing proportions of 
same-sex partners within nonheterosexuals. 

Last, using additional measures from 23andMe, 
we showed strong genetic correlations (all r, = 
0.83) (Fig. 5C and fig. S7) of same-sex sexual 
behavior with items assessing same-sex attrac- 
tion, identity, and fantasies (a full list of items is 
provided in table S5), suggesting that these dif- 
ferent aspects of sexual orientation are influ- 
enced by largely the same genetic variants. The 
full set of results of phenotypic and genetic cor- 
relations for females, males, and the whole sample 
is available in fig. S7 and table S5. 


Discussion 


We identified genome-wide significant loci asso- 
ciated with same-sex sexual behavior and found 
evidence of a broader contribution of common 
genetic variation. We established that the underly- 
ing genetic architecture is highly complex; there is 
certainly no single genetic determinant (some- 
times referred to as the “gay gene” in the media). 
Rather, many loci with individually small effects, 
spread across the whole genome and partly over- 
lapping in females and males, additively contribute 
to individual differences in predisposition to same- 
sex sexual behavior. All measured common var- 
iants together explain only part of the genetic 
heritability at the population level and do not 
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allow meaningful prediction of an individual’s 
sexual preference. 

The knowledge that the variants involved are 
numerous and spread across the genome en- 
abled us to leverage whole-genome analytic 
techniques to explore human sexual behavior 
in ways previously impossible. We determined 
that the genetic effects that differentiate het- 
erosexual from same-sex sexual behavior are 
not the same as those that differ among non- 
heterosexuals with lower versus higher propor- 
tions of same-sex partners. This finding suggests 
that on the genetic level, there is no single di- 
mension from opposite-sex to same-sex prefer- 
ence. The existence of such a dimension, in which 
the more someone is attracted to the same-sex the 
less they are attracted to the opposite-sex, is 
the premise of the Kinsey scale (39), a research 
tool ubiquitously used to measure sexual orien- 
tation. Another measure, the Klein Grid (40), 
retains the same premise but separately mea- 
sures sexual attraction, behavior, fantasies, and 
identification (as well as nonsexual preferences); 
however, we found that these sexual measures 
are influenced by similar genetic factors. Overall, 
our findings suggest that the most popular mea- 
sures are based on a misconception of the un- 
derlying structure of sexual orientation and may 
need to be rethought. In particular, using sep- 
arate measures of attraction to the opposite sex 
and attraction to the same sex, such as in the Sell 
Assessment of Sexual Orientation (41), would 
remove the assumption that these variables are 
perfectly inversely related and would enable 
more nuanced exploration of the full diver- 
sity of sexual orientation, including bisexuality 
and asexuality. 

Although we emphasize the polygenicity of 
the genetic effects on same-sex sexual behavior, 
we identified five SNPs whose association with 
same-sex sexual behavior reached genome-wide 
significance. Three of these replicated in other 
independent samples whose measures related 
to identity and attraction rather than behavior. 
These SNPs may serve to generate new lines of 
enquiry. In particular, the finding that one of 
the replicated SNPs (rs28371400-15q21.3) is 
linked to male pattern balding and is nearby 
a gene (TCFI2) relevant to sexual differenti- 
ation strengthens the idea that sex-hormone 
regulation may be involved in the develop- 
ment of same-sex sexual behavior. Also, that 
another replicated SNP (rs34730029-11q12.1) 
is strongly linked to several genes involved in 
olfaction raises intriguing questions. Although 
the underlying mechanism at this locus is un- 
clear, a link between olfaction and reproductive 
function has previously been established. Indi- 
viduals with Kallmann syndrome exhibit both 
delayed or absent pubertal development and an 
impaired sense of smell because of the close 
developmental origin of fetal gonadotropin- 
releasing hormone and olfactory neurons (42). 

Our study focused on the genetic basis of same- 
sex sexual behavior, but several of our results 
point to the importance of sociocultural context 
as well. We observed changes in prevalence of 
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reported same-sex sexual behavior across time, 
raising questions about how genetic and socio- 
cultural influences on sexual behavior might in- 
teract. We also observed partly different genetic 
influences on same-sex sexual behavior in females 
and males; this could reflect sex differences in 
hormonal influences on sexual behavior (for 
example, importance of testosterone versus estro- 
gen) but could also relate to different sociocultural 
contexts of female and male same-sex behavior 
and different demographics of gay, lesbian, 
and bisexual groups (43). With these points in 
mind, we acknowledge the limitation that we 
only studied participants of European ancestry 
and from a few Western countries; research in- 
volving larger and more diverse samples will 
afford greater insight into how these findings 
fare across different sociocultural contexts. 

Our findings provide insights into the biolog- 
ical underpinnings of same-sex sexual behavior 
but also underscore the importance of resisting 
simplistic conclusions (Box 2)—because the be- 
havioral phenotypes are complex, because our 
genetic insights are rudimentary, and because 
there is a long history of misusing genetic re- 
sults for social purposes. 


Materials and methods summary 
Study samples 


We used data from genotyped individuals from 
five cohorts (total 2 = 492,678) who provided self- 
report information using different questionnaire- 
based measurement scales. Informed consent 
was provided from all individuals participating 
in the studies, which were approved by their 
local research ethic committee. 


Genetic association analyses 


After standard quality control, we performed 
GWASs for “same-sex sexual behavior” (defined 
as ever versus never having had sex with a same- 
sex partner) in the UK Biobank and 23andMe 
samples, which we meta-analysed using MTAG 
(17). We also conducted GWASs separately by sex. 
Genome-wide significant SNPs were replicated 
in three independent samples. Also, using 
LD-pred (24), we derived polygenic score for 
same-sex sexual behavior according to the meta- 
analyzed GWAS results and tested the associa- 
tion between this polygenic score and same-sex 
sexual behavior in three independent samples. 
To explore diversity among individuals report- 
ing same-sex sexual behavior, we also conducted 
GWASs in the UK-Biobank and 23andMe sam- 
ples (meta-analyzed using MTAG) on the “pro- 
portion of same-sex to total number of sexual 
partners among nonheterosexuals.” 


Heritability estimation 


We estimated family-based heritability of same- 
sex sexual behavior on the basis of known 
familial relationships in the UK Biobank study. 
The relatedness between pairs of participants 
was estimated by using KING (44). Additive 
genetic effects as well as shared and unshared 
environmental variance components were esti- 
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mated on the basis of the covariance between 
different pairs of relatives. Second, heritability 
explained by all measured common SNPs (SNP- 
based heritability) was estimated by using link- 
age disequilibrium (LD) score regression (45) and 
transformed to the liability scale (46). Using a 
similar approach, we also estimated the SNP- 
based heritability per chromosome and evaluated 
heritability enrichment across various tissues on 
the basis of Genotype-Tissue Expression (GTEx) 
gene-expression results (47). 


In silico follow-up 


The GWAS results for same-sex sexual behavior 
were followed up with gene-based tests of as- 
sociation in MAGMA (29) and an enrichment 
analysis of evolutionarily constrained genes by 
using partitioned LD score regression (45) and 
MAGMA. We also performed a PheWAS (28) to 
examine whether the SNPs we identified for 
same-sex sexual behavior have also been asso- 
ciated with other phenotypes and eQTL map- 
ping (27) to link SNPs with gene expression. 


Genetic correlations and phenotypic 
heterogeneity 


Using cross-trait LD score regression (J6), we 
estimated the genetic correlations of same-sex 
sexual behavior and proportion of same-sex to 
total number of sexual partners among non- 
heterosexuals with a range of traits, including 
mental health, personality, and sexually dimor- 
phic traits. To examine heterogeneity of genetic 
influences, we looked at the genetic correlations 
between sexes, between cohorts, and between 
different measures of sexual preference. 


Science communication strategy 


To communicate the results of the study to the 
broader audience, we engaged with different 
LGBTQIA+ (lesbian, gay, bisexual, transgender, 
queer, intersex, asexual, and other+) and science 
communication organizations and created mul- 
timedia materials for a lay audience. 

Detailed materials and methods can be found 
in the supplementary materials (14). 
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Identification of a T follicular helper 
cell subset that drives anaphylactic IgE 
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INTRODUCTION: Cross-linking of high-affinity, 
allergen-specific immunoglobulin E (IgE) on 
mast cells results in anaphylaxis, a potentially 
life-threatening allergic reaction. The cellular 
mechanisms that induce B cells to produce 
high-affinity IgE to allergens remain poorly 
understood and likely differ from those that 
generate low-affinity IgE. T follicular helper 
(Try) cells are the primary T cell subset re- 
sponsible for directing the affinity, longevity, 
and isotype of antibodies produced by B cells; 
they have recently been found to be respon- 
sible for IgE responses as well. Yet the nature 


Bacteria/Virus 


Helminth 


Allergen 


of the Try cells that induce high-affinity IgE in 
allergic disease remains unclear. 


RATIONALE: Ty cells guide B cell isotype 
switching via cytokine production. Although 
interleukin-4 (IL-4) has long been recognized to 
guide IgE switching, IL-4 is also a canonical Ty} 
cell cytokine, expressed even when IgE is not 
made. This suggests that although IL-4 is nec- 
essary for high-affinity IgE, it is not sufficient, 
and additional Ty; cell-derived signals are re- 
quired. We hypothesized that a distinct but rare 
Tru Cell population regulates the production of 


Model of T-}, cell—driven antibody production. Distinct T-, cell subsets dictate the 
outcome of antibody responses. Try1 cells elicited to type 1 immunizations (bacterial or 

viral infections) do not induce IgE but promote pathogen neutralizing IgGs via production of 
IL-21 and interferon-y (IFN-y), with limited IL-4 production. During the type 2 immune 
responses to helminth infection, IL-4— and IL-21—producing Try2 cells are induced, resulting in 
production of IgG and low-affinity IgE antibodies but not anaphylaxis. The IgE* B cells in 

this case are derived from direct switching from low-affinity IgM* B cells. In contrast, TrH13 
cells are induced during allergic conditions and are necessary for the generation of high-affinity 
IgE, which results in anaphylactic responses. The high-affinity IgE* B cells in this case are 
derived from sequentially switched and activated IgG1* B cells. 


Gowthaman et al., Science 365, 883 (2019) 
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high-affinity IgE. To test this hypothesis, we used 
a model of dedicator of cytokinesis 8 (DOCK8) 
deficiency, which causes a monogenic form of 
allergy associated with aberrant production of 
IgE. Comparison of the T;,; populations present 
in this model with wild-type mice immunized 
to food and aeroallergens enabled us to iden- 
tify the nature of the T cell that induces ana- 
phylactic IgE antibody production by B cells. 


RESULTS: Regardless of immunization condi- 
tions, mice with T cell-specific Dock8 deficiency 
made allergen-reactive and anaphylactic IgE. 
This was associated with the presence of an 
unusual IL-4- and IL-13-producing Try cell 
population in lymph nodes, which we call Tyy13 
cells. T4713 cells demon- 
strated a distinctive tran- 
scription factor profile, 
deren a including expression of 
org /10.1126/ BCL6 and GATA3. Tyy13 
science.aaw6433 cells were also induced in 
wild-type mice but only 
during immune responses when high-affinity 
IgE was made, including during food or aero- 
allergen sensitization. These cells were absent 
during immune responses lacking high-affinity 
IgE, including those induced by bacterial pro- 
ducts or helminth infection. Patients who were 
allergic to peanut or aeroallergens also had 
elevated circulating T7713 cells. Single-cell RNA 
sequencing analysis confirmed that Ty713 cells 
were distinct from related T helper 2 (T};2) or 
IL-4-expressing Tpy42 cells. Tpy13 cells could 
also be distinguished from IL-13-expressing 
effector T}2 cells by their subanatomical loca- 
tion in the germinal center. Conditional ablation 
of Ty413 cells or isolated loss of IL-13 in Tp cells 
resulted in impaired high-affinity, anaphylactic 
IgE responses to allergens. IgE and IgG1 germi- 
nal center B cells, but not naive B cells, expressed 
the receptor for IL-13, suggesting that IL-13 
may promote sequential switching of affinity- 
matured IgG1* to high-affinity IgE* B cells. 


CONCLUSION: Our work describes a subset of 
T cells necessary for inducing anaphylactic IgE 
production to allergens. Tpy713 cells and the 
molecular pathways operative in this distinc- 
tive population represent targets that could 
be leveraged diagnostically and therapeutically 
for allergies. Furthermore, the identification of 
Try13 cells and the immune context in which 
they are induced solves the long-standing 
question of how, under rare circumstances, 
anaphylaxis-inducing IgE is produced by high- 
affinity B cells. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
{Corresponding author. Email: stephanie.eisenbarth@yale. 
edu (S.C.E.); adam.williams@jax.org (A.W.) 
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Cross-linking of high-affinity immunoglobulin E (IgE) results in the life-threatening allergic 
reaction anaphylaxis. Yet the cellular mechanisms that induce B cells to produce IgE 

in response to allergens remain poorly understood. T follicular helper (Try) cells direct 
the affinity and isotype of antibodies produced by B cells. Although T-} cell-derived 
interleukin-4 (IL-4) is necessary for IgE production, it is not sufficient. We report a rare 
population of IL-13—producing Try cells present in mice and humans with IgE to allergens, 
but not when allergen-specific IgE was absent or only low-affinity. These “T-,413” cells 
have an unusual cytokine profile (IL-13™IL-4™IL-5"IL-21'°) and coexpress the transcription 
factors BCL6 and GATA3. TrH13 cells are required for production of high- but not 
low-affinity IgE and subsequent allergen-induced anaphylaxis. Blocking T-413 cells 

may represent an alternative therapeutic target to ameliorate anaphylaxis. 


naphylaxis is a severe form of allergic re- 

action precipitated by degranulation of im- 

munoglobulin E (IgE)-laden mast cells 

after allergen recognition (7). Studies from 

food-allergic patients and murine models 
indicate that high-affinity, but not low-affinity, 
IgE induces mast-cell degranulation and ana- 
phylaxis (2-4) and that the nature of the B cell 
that switches to low- versus high-affinity IgE 
differs (5, 6). Unlike other antibody isotypes, 
how B cells are instructed to make affinity- 
matured IgE remains unclear. 

Early work on IgE regulation demonstrated 
that the deletion of T helper 2 (Ty2) lineage- 
defining transcription factors (TFs) such as 
STAT6 or GATA3 or the prototypical T}2 cyto- 
kine interleukin-4 (IL-4) reduced total IgE. Thus, 
Ty2 cells were proposed to control the IgE re- 
sponse (7-9). However, more recent work has 
demonstrated that IL-4* T follicular helper 
(Try) cells, not Ty2 cells, are required for IgE 
production (10-15). Try cells are the primary 
helper T cell subset responsible for directing 
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the affinity, longevity, and isotype of antibody 
produced by B cells. Recent work has supported 
this functional T,;2-Tyy lineage distinction by 
identifying a distinctive //4 enhancer locus 
bound by BATF in Try cells that is distinct 
from the Ty2 DNA regulatory element for IL-4, 
IL-5, and IL-13 bound by GATA3 (16-19). There- 
fore, it has been argued that GATA3, IL-5, and 
IL-13 are restricted to T};2 cells and type 2 in- 
nate lymphoid cells (ILC2s) (74, 20). 

IL-4 is a B cell survival factor expressed by 
Tru cells during a variety of immune responses, 
including those in which IgE is not made (27-23). 
This suggests that IL-4 from Tpy cells is nec- 
essary but not sufficient for the induction of IgE. 
We hypothesized that IL-4* Ty cells induce 
direct switching of B cells to low-affinity IgE 
during certain type 2 immune responses, but a 
distinct Ty; population producing additional 
signals regulates high-affinity IgE during al- 
lergen responses. 

Using a murine model of a rare monogenic 
form of IgE-mediated allergy, dedicator of cyto- 
kinesis 8 (Dock8) deficiency, we discovered a 
subset of Ty cells associated with high-affinity 
IgE production. These “T};13” cells produced 
IL-13 along with IL-4 but down-regulated IL-21. 
Accordingly, they expressed GATA3 in addition 
to the Ty TF BCL6. We found the same Ty413 
cells in wild-type (WT) mice immunized with 
multiple allergens, but not other stimuli that 
failed to induce high-affinity IgE, including 
bacterial products or helminth infection. Cir- 
culating T}4;13 cells were also found in patients 
with IgE to aeroallergens or peanut. Conditional 
deletion of Ty13 cells or IL-13 in Ty cells abro- 
gated the generation of high-affinity anaphylac- 
tic IgE to allergens. Thus, our study identifies the 
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context in which a rare subset of Ty cells are 
elicited and uncovers their critical role in the 
induction of anaphylactic IgE to allergens. 


Dock8 deficiency reveals the presence 
of a distinct T-,, cell population 
associated with a hyper-lgE state 


Patients with mutations in DOCK8 are immuno- 
deficient, but, paradoxically, they present with 
hyper-IgE syndrome (HIES) and associated food 
allergies and asthma. The precise reasons for 
HIES in this condition are not yet understood 
(24, 25). DOCK8 was originally described as a 
guanine nucleotide exchange factor that regu- 
lates the actin cytoskeleton, but recent evidence 
reveals diverse roles of DOCK8 in nearly every 
cell of the immune system (25). We generated 
both total and immune cell-specific knockouts 
of Dock8 in mice to study the cellular mecha- 
nisms of IgE induction. 

IgE antibodies are a characteristic component 
of type 2 immunity, which is induced in response 
to allergens and helminths. In contrast, type 1 
responses, induced by viral and certain bacte- 
rial infections, do not classically elicit the pro- 
duction of IgE. To determine whether Dock8 
deficiency promotes an aberrant hyper-IgE re- 
sponse to type 1 immunization, we immunized 
mice with lipopolysaccharide (LPS) along with the 
model antigen 4-hydroxy-3-nitrophenylacetyl (NP) 
conjugated to ovalbumin (NP-OVA), henceforth 
called LPS+OVA. The hapten NP allows mea- 
surement of antigen specificity and affinity. Using 
conditional Dock8-knockout mice, we discovered 
that isolated loss of Dock8 in T cells (T-Docks’ ~), 
but not in B cells or dendritic cells (DCs), re- 
capitulated the hyper-IgE phenotype seen in 
patients (Fig. 1A). The hyper-IgE phenotype 
was not present in complete Dock8-knockout 
mice, which was not surprising given their DC- 
dependent defect in Ty cell induction (26). The 
use of T-Dock8~’~ mice bypassed the effect of 
Dock8& deficiency on DC migration (fig. SLA) and 
B cell development (fig. S1B). T cell-specific de- 
letion of Dock8 was confirmed by immunoblot 
(fig. SIC) and via known T cell-intrinsic pheno- 
types of Dock8, including reduced T cell frequen- 
cies (fig. SID) (27). However, Docks!~ OVA-specific 
CD4** T cells (OT-II cells) demonstrated compa- 
rable in vivo proliferation and Try cell differ- 
entiation to Dock8™' OT-II cells to LPS+OVA 
immunization (fig. $1, E and F). 

In addition to atypical total IgE production, 
type 1 immunization in T-Dock8~~ mice resulted 
in reduced NP-OVA-specific IgG antibodies 
and elevated NP-OVA-specific IgE antibodies 
(fig. S2, A to C). Additionally, there was reduced 
high-affinity NP-specific IgG1 and elevated high- 
affinity NP-specific IgE (Fig. 1, B and C). Pre- 
viously immunized T-Dock8™/~ mice challenged 
with NP-conjugated bovine serum albumin (BSA) 
showed robust acute mast-cell degranulation and 
systemic tissue edema (fig. S2, D and E) (28). The 
anaphylactic capacity of IgE from T-Dock8~/~ 
mice was confirmed using a passive cutane- 
ous anaphylaxis (PCA) assay (Fig. 1D) (6, 28). 
T-Dock8'~ mice also spontaneously developed 
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Fig. 1. DOCK8 deficiency reveals the presence of a specific Tr} cell 
population associated with a hyper-IgE state. (A) WT, Dock8~”~, 
Dock8™", CdlIc°"°Dock8™" (DC-Dock8~’), Cd4°"*Dock8™" (T-Dock8”), 
and Cd19°'°Dock8™" (B-Dock8’~) mice were immunized intranasally 
(i.n.) with LPS and NP16-OVA (LPS+OVA). Day 12 total serum IgE was 
measured by ELISA. (B and C) T-Dock8~’~ or control mice (Dock8™") 
were immunized and boosted with LPS+OVA. Day 8 post-boost sera were 
analyzed by ELISA for (B) NP4-specific IgG1 and (C) NP4-specific IgE. 
OD, optical density. (D) PCA assay performed by transferring day 8 
post-boost sera into naive recipients and challenging with NP7-BSA and 
1% Evans blue. Dye extravasation quantification is shown. (E) Day 12 
serum IgE from T-Dock8~“~, T-Bcl6-’"Dock8~“, or control mice 
(Dock8™" and Bcl6 "" Dock8™") immunized i.n. with LPS+OVA. 

(F) Day 8 Trx cell frequencies are depicted as representative flow 
cytometry contour plots. (G) Immunofluorescent images of day 9 
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NDLN 
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CD44* Non-Tfh 
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= T-Dock8” Tfh 


Twik (IL-21) 


Counts 
(Normalized to mode 


Ctrl 7-Dock8’ Ctrl T-Dock&* 
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MedLN GCs from immunized T-Dock8~’~ or control Dock8"”" mice 
stained for IgD (green) and CD4 (white) with or without (left and 

right, respectively) peanut agglutinin (PNA, purple) are shown. 

Scale bars: 100 um. Arrows indicate clusters of CD4* T cells in the GC. 
(H and I) Intracellular expression of IL-4 and IL-13 by day 8 Try cells 
(gated as in fig. S4A) depicted as (H) flow cytometry plots and 

(1) bar graphs. NDLN, nondraining lymph node. (J) IL-21 reporter 
expression in Try cells from IL-21 TWIK T-Dock8~“~ or control Dock8™"! 
reporter mice on day 8 after immunization depicted as histogram 
overlay. In (A), (D), (E), and (1), each symbol indicates an individual 
mouse. Numbers in flow plots indicate percentages. Error bars indicate 
SEM. Statistical tests: analysis of variance (ANOVA) (A and D); 
Student's t test (B, C, and 1); Kruskal-Wallis H test (E). *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. Data representative of at 
least two independent experiments with three to seven mice per group. 
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Fig. 2. Tey13 cells 
are induced in WT 
mice during aller- 
gic sensitization. 
WT mice were 
immunized and 
boosted i.n. with 
LPS or Alternaria 
extract and NP16- 
OVA. (A) Day 8 sera 
from boosted mice 
were analyzed for 
high-affinity IgE by 
ELISA with NP7- 
BSA-coated plates. 
(B) Evans blue dye 
extravasation quan- 
tification after PCA 
with day 8 post- 
boost sera and 
NP7-BSA challenge. 
Dotted line repre- 
sents background 
readings of sera 
from naive mice. 
(C) cd4°'eBcig™" 
(T-Bcl6~’-) or 
control Bcl6™" mice 
were immunized 
and boosted with 
Alternaria extract 
and NP16-OVA. 
Eight days later, 
high-affinity IgE was 
quantitated using 
NP4-BSA by ELISA. 
(D) 3D uniform 
manifold approxi- 
mation and 
projection (UMAP) 
embedding of the 
single-cell expres- 
sion profiles of n = 
3002 single Try 
cells sorted from 
WT C57BL/6 mice 
immunized i.n. with 
Alternaria extract 
and NP-OVA. Leiden 
community detec- 
tion on the cell-cell 
k = 10 nearest 
neighbor graph seg- 
regates cells into 
seven clusters, five 
of which were identifiable on the basis of the expression of previously 
known markers: 1, Tey2; 2, type 1 IFN Tcell population; 3, proliferating 
T cells; 4, Tr413 cells; and 6, Tre cells. The circle identifies cluster 4, a 
cluster of //13* Tey cells (n = 39). (E) Violin plots showing the expression 
of distinctive marker genes of //13* Try cluster (1/4, 1/13, Gata3). 

(F to H) Intracellular expression of IL-4, IL-13, and IL-5 in day 8 MedLN 
Tru cells induced after primary immunization with LPS or Alternaria 
and NP-OVA depicted as flow cytometry plots (F) and bar graphs 

for IL-4 and IL-13 (G) and IL-5 (H). (1) IL-21 expression in Try cells from 
IL-21-TWIK reporter mice at day 8 after immunization, depicted as 
histogram overlay (left) and bar graphs (right). (J) GATA3 expression in 
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Ty2 cells from bronchioalveolar lavage fluid of mice immunized with 
Alternaria and NP-OVA, and Try cells from MedLN of mice immunized 
with LPS or Alternaria and NP-OVA. Data are depicted as histogram 
overlay (left) and bar graphs (right). Each symbol indicates an individual 
mouse. Numbers in flow plots indicate percentages. Error bars indicate 
SEM. Statistical tests: Kruskal-Wallis H test (A and C); Student's 

t test (B, G, and J); ANOVA (1); Mann-Whitney U test (H). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. Data 
representative of two or three independent experiments with three to 
five mice per group (A to C and F to J). Data representative of three 
biological replicates (D and E). 
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Fig. 3. T-413 cells are a distinct T cell subset. 4Get///4-reporter 

mice were immunized i.n. with Alternaria extract and NP19-OVA. 
GFP(Il4)*CD44*CD4* T cells were sorted for scRNA-seq. Cells expressing 
one or more //13 transcripts were isolated and subjected to dimensionality 
reduction and clustering. (A) A 2D UMAP embedding of n = 1040 //13* cells. 


Low-resolution (0.2) Leiden community detection o| 
nearest neighbor graph reveals three subpopula 


340, and 295 cells, respectively. Populations 1, 2, and 3 were putatively 
identified as Ty2 cells, T-413 cells, and proliferating IL-4* cells, 
respectively. (B) A matrix plot showing the expression of key marker 
genes that are similarly and differentially expressed between //13* Ty2 
and Try13 cells. Color scale represents log-transformed normalized 


unique molecular identifier (UMI) counts scaled 


high levels of serum IgE as they aged (fig. S2, F 
and G). Thus, T-Dock8~/~ mice appear to reca- 
pitulate the hyper-IgE and dysgammaglobuline- 
mic presentation of DOCK8-deficient patients. 
DOCKS8 deficiency has been reported to in- 
hibit FOXP3* regulatory T cell (T,eg) function 
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(29, 30). However, the inducible deletion of 
Dock8 in Tyeg, did not develop high-affinity IgE 
in response to LPS+OVA immunization (fig. S2H). 
Further, Dock8-deficient T,.., were competent in 
suppressing T cell activation in vitro (fig. S21). To 
determine whether T,,; cells in T-Dock8/~ mice 
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separately for each gene. (C to H) Smart13 (//13) reporter mice were 
immunized with Alternaria extract and NP-OVA. Day 3 after boost, 
analysis of transcription factors (C) BCL6, (D) GATA3, (E) BATF, (F) 
cMAF, and (G) IRF4 was performed by intracellular staining of Try13 
cells and IL-13* T,2 cells (gated as in fig. S12A). Dotted lines indicate 
mean fluorescence intensity (MFI) of naive CD4* T cells. (H) Micro- 
scopic images of MedLN GCs from immunized reporter mice stained for 
human CD4 (IL-13) (red), TCRB (green), IgD (white), and PNA (blue) 
are shown. Arrows in the leftmost panel indicate TCRB and hCD4 
costaining. Scale bars: 100 um. Statistical tests: Student’s t test (C to 
G). *P < 0.05, **P < 0.01, ***P < 0.001. Data representative of three 
biological replicates (A and B). Data representative of two independent 
experiments (C to H) with three mice. 


were responsible for the hyper-IgE response to 
type 1 immunization, we crossed T-Dock8~/~ mice 
to Bcl6"/" mice to generate T-Bcl6~/"Dock8'~ 
(cd4°Bcl6™" Docks") mice. In contrast to 
T-Dock8‘~ mice, T-Bcl6~/"Dock8~'~ mice did 
not develop a hyper-IgE response, suggesting 
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that the hyper-IgE phenotype in T-Docks~/~ 
mice is dependent on Try cells but not on 
other cell types (e.g., CD4* DCs or CD8* T cells) 
that may have lost Dock8 expression as a result 
of Cd4“°-mediated deletion (Fig. 1E). Finally, 
T-Dock8~'~ mice immunized with the model 
type 2 allergen Alternaria alternata along with 
NP-OVA (henceforth called Alt+OVA) showed 
high-affinity and total IgE titers similar to con- 
trol mice (fig. $2, J and K). Thus, DOCK8 in Try 
cells blocks inappropriate induction of IgE during 
type 1 immune responses. Our analysis of Try 
cells showed no difference in frequency or ex- 
pression of programmed cell death 1 (PD-1) or 
CXCR5 between control and T-Dock8’~ mice 
post LPS+OVA immunization (Fig. 1F and fig. 
83, A and B). Germinal center (GC) structure, 
Trp Cell localization, and GC B cell frequencies were 
also comparable between control and T-Docks- 
mice (Fig. 1G and fig. $3, C to E). However, in 
contrast to control mice, there was a significantly 
greater population of IL-4-producing Ty; cells 
as well as an unexpected population of IL-4 and 
IL-13 coproducing Tyy cells in T-Dock8~/~ mice 
(Fig. 1, H and I, and fig. S4A). A fraction of these 
IL-4°IL-13* Tpy cells, which we call Ty713 cells, 
also produced the canonical type 2 cytokine IL-5 
(fig. S4B). Tyy713 cells induced in T-Dock8™/~ mice 
expressed the lineage-defining Ty TF BCL6 at 
levels similar to IL-4* Ty cells induced in con- 
trol mice (fig. S4C). 

The cytokine IL-21 has been associated with 
the negative regulation of IgE and promoting 
IgGl in mice (37-33) as well as in humans in 
the presence of IL-13 (34). Hence, we assessed 
IL-21 levels in Tyy cells in T-Dock8~’~ mice by 
crossing them with IL-21 TWIK reporter mice 
(21). IL-21 production by Tyy cells was reduced 
in T-Dock8~ mice relative to control mice (Fig. 
WJ and fig. S4, D and E). Tyxy cells from T-Dock8/~ 
mice expressed more of the canonical Ty2 TF 
GATA3 compared with control Tyy cells and 
non-Tyy effector cells (fig. S4F). Aged T-Docks/~ 
mice that developed the spontaneous hyper- 
IgE phenotype also had elevated frequencies of 
Try13 cells (fig. S4G). Thus, a rare population 
of Try cells that expressed GATA3 and unex- 
pectedly produced IL-5 and IL-13 in addition to 
IL-4, while secreting less IL-21, was associated 
with the hyper-IgE state in T cell-specific Dock8 
deficiency. 


TrH13 cells are induced in WT mice 
during allergic sensitization 


We next asked whether Tyy13 cells are also 
induced in genetically unmanipulated WT mice 
during allergic sensitization, which also gener- 
ates high-affinity anaphylactic IgE. WT mice 
immunized with Alt+OVA, but not those immu- 
nized with LPS+OVA, produced high-affinity IgE 
that was anaphylactic (Fig. 2, A and B). AlttOVA 
immunization induced less high-affinity IgG1 
compared with LPS+OVA (fig. S5A). IgE induc- 
tion in Alternaria immunization was dependent 
on Try cells, as cd4°°Bel6™" (T-Bcl6/-) mice did 
not generate high-affinity or total IgE (Fig. 2C and 
fig. S5, B and C). However, eosinophilia in these 
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mice was similar to controls, indicating that the 
type 2 cellular response was intact but could not 
compensate for Ty cell loss in IgE induction, 
consistent with published studies (fig. S5D) 
(10, 13). 

To determine whether Tyy13 cells could be 
identified as a transcriptionally distinct popu- 
lation in WT mice, we performed single-cell RNA 
sequencing (scRNA-seq) on sorted Ty cells 
after AlttOVA immunization (mn = 3 mice). 
After data processing (fig. S6 and tables S1 to $3), 
CXCR5*PDI1" T cells formed seven clusters with 
distinct transcriptional signatures (Fig. 2D and fig. 
S7A). We could readily identify a Ty42 cell pop- 
ulation (cluster 1), a Ty; cell population with a type 
linterferon signature (cluster 2), a T follicular 
regulatory (Tp) population (cluster 6), and a 
Tyy13 cell population (cluster 4). Although all 
clusters similarly expressed Try cell markers 
such as Batf, Cd40lg, Icos, and Pdcd1, Tpy13 
cells uniquely expressed high levels of J/4, 
1113, and Gata3 (Fig. 2E). Pairwise analysis 
between the Ty72 and T}1713 clusters identified 
additional genes that discriminate between these 
two populations, demonstrating that Tpy13 
cells are a transcriptionally distinct population 
(fig. S7B). 

We also identified Ty4;13 cells by flow cytom- 
etry in Alternaria-immunized WT mice. Although 
the overall magnitude of Ty cell and GC B cell 
induction was comparable between LPS- and 
Alternaria-immunized mice (fig. S8, A to C), a 
significant Tyy13 population was induced by 
Alt+OVA but not LPS+OVA immunization (Fig. 
2, F and G, and fig. S8, D to F). Related cell types 
induced during type 2 immune responses—T},2 
effector cells and IL-4 single-positive Ty cells 
(Tpy2 cells)—were also more abundant with 
Alt+OVA immunization. However, these pop- 
ulations were distinguished from Tyy13 cells 
via flow cytometric staining of BCL6, PD-1, and 
CXCR5 (fig. S8, G to I). 173 transcripts were 
detected in unstimulated Ty; cells sorted from 
mice immunized with Alternaria but not LPS, 
whereas //4 transcripts were present in Ty}; cells 
from both conditions (fig. S9, A and B). Like 
Ty13 cells in T-Dock8~/~ mice, Ty713 cells in 
Alt+OVA-immunized WT mice also produced 
IL-5 (Fig. 2, F and H). As IL-5 promotes eo- 
sinophilia (10, 14, 35) and the majority of IL-5* 
T cells in the lymph node (LN) were Try cells, 
we accordingly observed eosinophil infiltra- 
tion of the LNs in AlttOVA-immunized mice 
(fig. S9, C to E). 

Alternaria-induced Ty; cells produced sub- 
stantial levels of IL-21 compared with non-Tpy 
effector CD4* T cells, but reduced levels of IL-21 
compared with LPS+OVA-induced Tyy cells 
(Fig. 21). Tpy cells from Alt+OVA immuniza- 
tion also demonstrated significant GATA3 ex- 
pression, albeit less than differentiated T},2 cells 
from the lungs (Fig. 2J). However, Ty TFs such 
as BCL6, BATF, IRF4, and TCF1 (36) were ex- 
pressed at equivalent levels in both immuniza- 
tions (fig. S10). Thus, T7713 cells are also induced 
in WT mice but only during type 2 high-affinity 
IgE responses. 
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TrHl13 cells are a distinct T cell subset 
Given the similar phenotype of Ty413 cells and 
conventional T;;2 effector cells (i.e., IL-4, IL-5, 
IL-13, and GATA3 expression), we evaluated 
whether the two populations were transcrip- 
tionally distinct. We performed scRNA-seq on 
114-reporter-positive activated CD4* T cells from 
Alt+OVA-immunized 4Get///4-reporter mice 
(n = 3) (37). The data were processed as before 
(fig. S6 and tables S1 to S3), followed by selec- 
tion of //13-expressing cells. The //73-expressing 
T cells formed three transcriptionally distinct 
clusters (Fig. 3A). Among these clusters, we could 
identify a population of T};2 effectors (cluster 1), 
Tru13 cells (cluster 2), and I/4* T cells expressing 
high levels of proliferation markers such as 
Top2a and Mki67 (cluster 3). Pairwise anal- 
ysis between Ty,2 effector and Ty13 cells con- 
firmed differential expression of T effector versus 
Tru cell markers, including Prdm1 (BLIMP1), 
Bel6, 1121, and Areg (Fig. 3B and fig. S11A). We 
verified select targets at the protein level (Fig. 3, 
C to G). We also analyzed the scRNA-seq data 
from Bcl6-expressing cells and identified two dis- 
tinct clusters, one with a transcriptional profile 
consistent with T}413 cells (cluster 2) and the 
other consistent with T}1,2 cells (cluster 1) (fig. 
S11, B and C). 

To determine the location of Tyy13 cells in 
the LN, we used the Smartl3 reporter, which 
reports J113 via the expression of human CD4 
(hCD4) (74). hCD4 expression was concordant 
with IL-13 intracellular cytokine staining (fig. 
$12, A and B). With immunofluorescence, 173 
reporter’ T cells could be visualized in both the 
GC and T cell zone, corresponding to Tyy13 cells 
and IL-13" T effectors, respectively (Fig. 3H). 
Altogether, by transcriptional profile, protein 
expression, and subanatomic location, we show 
that Ty1713 cells are a distinct subset from Ty2 
effector and Tyy2 cells. 


TrHl13 cells are induced to multiple 
allergens in mice and humans 


Two other common allergens, house dust mite 
extract (HDM) and peanut (PN), were then 
assessed for their ability to induce Tyy13 cells. 
HDM- induced allergic airway responses lead to 
Try and GC B cell induction in the mediastinal 
LN (MedLN) (38). Similar to AlttOVA immuni- 
zation, HDM+OVA immunization elicited Tyy13 
cells and antigen-specific IgE (Fig. 4, A and B, and 
fig. S13, A and B). Peanut administered with the 
mucosal adjuvant cholera toxin (CT) is a com- 
monly used model of IgE-mediated food allergy 
(39). There was a significant induction of mes- 
enteric LN Tyy13 cells and PN-specific IgE in 
response to PN+CT but not PN alone (Fig. 4, C 
and D, and fig. S13, C and D). 

We next explored whether T};13 cells were 
present in humans with IgE-mediated allergy 
by examining “circulating” Ty; (CT gy) cells from 
a cohort of PN-allergic individuals (40) with PN- 
specific IgE (Fig. 4E). We selected PN-allergic or 
healthy individuals whose peripheral blood T cells 
responded in vitro to PN extract by upregulating 
CD40L (fig. S14). IL-4*IL13* Tpy13 cells could be 
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Fig. 4. T-413 cells are induced to multiple allergens in mice and 
humans. WT C57BL/6 mice were immunized i.n. with HDM and NP16-OVA 
and boosted with HDM and NP16-OVA twice, or with LPS and NP16-OVA 
as described in Fig. 1. (A) Intracellular expression of IL-4 and IL-13 from 
day 8 MedLN Try cells induced after primary immunization is depicted as 
representative flow cytometry plots (left) and summary bar graphs (right). 
(B) Day 8 sera from boosted mice were analyzed for NP16-OVA-specific 
IgE by ELISA. (C and D) WT mice were intragastrically immunized with 
ground peanut (PN) alone with or without CT in 0.2 M NaHCO3 and 
boosted with the same immunization up to four times at weekly intervals. 
(C) Intracellular expression of IL-4 and IL-13 in day 8 mesenteric lymph 
node (MesLN) Try cells induced after primary immunization is depicted as 
representative flow cytometry plots (left) and summary bar graphs (right). 


Aeroallergen 


(D) Day 8 sera from boosted mice were analyzed for crude PN extract- 
specific IgE by ELISA. (E) PN-specific serum IgE ELISA performed with 
sera from PN-allergic patients (PA) or healthy controls (HC). (F) Cytokine 
profiles of PN-specific circulating Try (cTrH) cells (gated as in fig. S14) 
obtained from PA or HC. (G) IL-4* IL-13* cTry cells from aeroallergen 
sensitized or control nonsensitized individuals. Each symbol indicates an 
individual mouse or subject. Numbers in flow plots indicate percentages. 
Error bars indicate SEM. Statistical tests: Student's t test (A, C, and E to 
G); Mann-Whitney U test (B and D). *P < 0.05, **P < 0.01, ***P < 0.001. 
Data representative of at least two independent experiments (A to D) with 
three to five mice per group. (E to F) Data from healthy controls (n = 6) 
or PN-allergic patients (n = 6). (G) Data from aeroallergen sensitized 
allergic patients (n = 13) or nonsensitized individuals (n = 16). 


identified within the cT}; cell compartment of 
PN-allergic patients but not those of healthy 
controls (Fig. 4F). We also examined cT py cells 
from patients with IgE to aeroallergens (table 
S4). Compared with nonsensitized individuals, 
aeroallergen-sensitized individuals had a signif- 
icantly higher frequency of Ty4;13 cells (Fig. 4G). 
Thus, Ty713 cells are induced in both mice and 
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humans with antigen-specific IgE responses to 
multiple allergens. 


TrHl13 cells and high-affinity IgE are not 
induced to helminth infections 


Although Try cells are required for IgE produc- 
tion in both allergen and helminth models, it is 
unclear whether the Ty; cell phenotype in these 
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type 2 immune responses is the same. Previous 
studies of Try cells during helminth-induced 
type 2 responses have reported IL-4 but not IL-5 
or IL-13 production (J4, 21). Helminth infections 
elicit a strong type 2 response characterized by 
the induction of ILC2s, Ty2 cells, eosinophilia, 
and IgE. Although substantial IgE is produced, 
little is affinity-matured (6, 47). This suggests 
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Fig. 5. Te413 cells and high-affinity IgE are not induced to helminth 
infections. WT C57BL/6 mice were either immunized and boosted with 
Alternaria extract and NP16-OVA (AIt+OVA) or infected with N. brasiliensis 
and co-immunized with NP16-OVA and boosted (Nippo+OVA). (A) IL-4 and 
IL-13 expression in day 8 Try cells from N. brasiliensis or Alternaria 
immunization is shown as flow cytometry plots (left) or as summary bar 
graphs (right). (B) GATA3 expression in day 8 splenic Try cells induced 

by N. brasiliensis or MedLN Try cells from Alternaria immunization. 

(C to E) Day 8 post-boost sera from mice immunized with Nippo+OVA or 
Alt+OVA were analyzed by ELISA for (C) high-affinity IgE using NP7-BSA, 


(D) total IgE, and (E) low-affinity IgE using NP40-BSA. (F) Evans blue dye 
quantification from PCA assay (with i.v. NP7-BSA challenge) using day 8 
post-boost sera from Nippo+OVA or Alt+OVA immunized mice. (G) ELISA for 
high-affinity |IgG1 using NP7-BSA performed on day 8 post-boost sera from 
mice immunized with Nippo+OVA or AlttOVA. Each symbol indicates an 
individual mouse. Numbers in flow plots indicate percentages. Error bars 
indicate SEM. Dotted lines in bar graphs represent background readings of 
sera from naive mice. Statistical tests: ANOVA (A); Student's t test (B and D to 
F); Mann-Whitney U test (C and G). *P < 0.05, **P < 0.01. Data representative 
of two independent experiments with four to six mice per group. 


that IL-4 production by Tyy cells may be nec- 
essary for any IgE induction but insufficient for 
the production of high-affinity IgE. We analyzed 
Tru cells in mice infected with the helminth 
Nippostrongylus brasiliensis and coimmunized 
with NP-OVA (Nippo+OVA). Nippo+OVA induced 
a strong IL-4-producing Try population in the 
draining LN and spleen. However, in contrast to 
Alt+OVA, Ty1713 cells were absent (Fig. 5A). We 
hypothesized that the absence of Tyy413 cells in 
N. brasiliensis infection was the result of low 
GATAS expression in Ty cells. Indeed, Ty} cells 
in N. brasiliensis infection did not up-regulate 
GATAS (Fig. 5B). 
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Nippo+OVA immunization therefore provided 
a model in which Ty413 cells were absent but 
IL-4" IL-13~ Tyy72 cells remained present. In the 
setting where only Tpy2 cells were present, 
there was strong induction of total IgE but little 
was of high affinity (Fig. 5, C and D). However, 
low-affinity IgE levels were comparable between 
Nippo+OVA and Alt+OVA immunization (Fig. 5E). 
This suggests that Tyy;2 cells may promote low- 
affinity IgE but not high-affinity IgE. Serum 
from Nippo+OVA mice did not contain anaphy- 
lactic IgE (Fig. 5F). Similar IgG1 responses in 
both Nippo+OVA and Alt+OVA models were 
observed (Fig. 5G). Thus, Ty;13 cells are uniquely 
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induced during type 2 allergen but not helminth 
responses and may be responsible for the pro- 
duction of anaphylactic IgE. 


Loss of T-y13 cells abrogates production 
of high-affinity IgE 

To test whether T1713 cells are necessary to in- 
duce high-affinity IgE, we bred 1113°° (14) to 
Bel6™™ (13CreBcl6™") mice to specifically 
delete Tyy13 cells. In 13CreBcl6™" mice, I113- 
expressing cells lost Bcl6 expression and could 
not differentiate into Tyy13 cells. 13CreBcl6™/* 
mice had severely reduced Ty1713 cells but re- 
tained similar frequencies of IL-4* Tyy,2 or IL-13* 
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Fig. 6. Loss of T-,413 cells abrogates the production of high-affinity 
IgE. 13CreBcil6™" or control Bcl6™" mice were immunized and 
boosted with Alternaria extract and NP19-OVA. (A) Intracellular 
expression of IL-4 and IL-13 from day 8 MedLN Try cells induced after 
primary immunization is depicted as representative flow cytometry 
plots (left) and summary bar graphs (right). (B to E) Day 8 post-boost 
sera were analyzed for (B) total IgE, (C) NP7-specific high-affinity 
IgGl, (D) NP7-specific high-affinity IgE, and (E) anaphylactic ability by 
PCA after i.v. challenge with NP7-BSA. (F to H) Day 7 post-boost MedLN 


Ty2 cells to Alt+OVA (Fig. 6A and fig. S15A). 
13CreBcl6/" mice demonstrated minimal reduc- 
tion of total IgE and high-affinity IgG1 (Fig. 6, B 
and C); however, high-affinity IgE was reduced by 
one to three logs, and serum from 13CreBcl6™" 
mice failed to elicit anaphylaxis (Fig. 6, D and E). 
Although total GC and IgG1 GC B cell frequen- 
cies were comparable, IgE GC B cell frequencies 
(gated as in fig. SI5B) were significantly reduced 
in mice lacking Tyy13 cells (Fig. 6, F to H). Thus, 
although IL-4* Tyy2 cells may be sufficient to 
promote total IgE and affinity-matured IgGI1 re- 
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sponses, the induction of high-affinity IgE crit- 
ically depends on Tyy13 cells. 


Tru cell-derived IL-13 is required for 
anaphylactic IgE production 


The loss of IgE* GC B cells in 13CreBcl6™" mice 
suggested that GC B cells might be able to re- 
spond to IL-13. Indeed, after allergic sensitiza- 
tion, GC B cells significantly up-regulated IL-13Ro1 
(fig. S16). IgG1 GC B cells had significantly higher 
expression of IL-13Ra1 compared with IgM GC 
B cells, and IgE GC B cells expressed the highest 
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13CreBcl6” 


Ctrl 13CreBcl6” 


cells were analyzed for (F) B220*PNA* GC B cells, (G) percentage of 
GC B cells expressing IgG1, and (H) percentage of GC B cells expressing 
IgE. Each symbol indicates an individual mouse. Numbers in flow 

plots indicate percentages. Error bars indicate SEM. Statistical tests: 
Student's t test (A and F to H); Mann-Whitney U test (B to E). *P < 0.05, 
**P < 0.01. Dotted lines in bar graphs represent background readings 
of sera from naive mice. Data are either representative of two 
independent experiments (A) or from two pooled experiments (B to H) 
with three to six mice per group. 


levels (Fig. 7A). Further, IL-13 worked synergis- 
tically with IL-4 in ex vivo anti-CD40-stimulated 
B cells from Alternaria-immunized mice to in- 
crease IgE* plasma cells (Fig. 7B), suggesting 
that Tpy413-derived IL-4 and IL-13 may together 
promote IgE in vivo. 

Although the loss of IL-13 or its receptor 
impairs total IgE production (42-44), its role in 
promoting high-affinity IgE is unclear. To ad- 
dress whether IL-13 produced by Ty;13 cells was 
necessary for anaphylactic IgE induction, we 
generated mixed bone marrow chimeras using 
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Fig. 7. Try cell-derived IL-13 is required for anaphylactic IgE 
production. (A) Expression of IL-13Ral on MedLN GC B cells at day 9 
after immunization with Alternaria and NP-OVA is shown as histogram 
overlay (left) and summary bar graphs (right). Gating strategy as in 

fig. SI5B. (B) Day 8 MedLN lymphocytes from Alternaria and NP-OVA 
immunized WT mice were cultured with a-CD40 and IL-4 and/or IL-13 for 
3 days, and IgE plasma cells were quantified by staining the cells for 
intracellular IgE and CD138. (C to G) Mixed bone marrow chimeric mice 
were generated from //13-7~ and Cd4°° Bcl6™" donor bone marrow 
(Tru-ll13-/~ chimeric mice) or WT and Ca4°° Bcl6™" donor bone marrow 
(control chimeric mice). Chimeric mice were immunized and boosted 
with Alternaria and NP20-OVA. (C) IL-4 and IL-13 expression by day 8 Try 
cells after boost from Try-//13-’~ or control chimeras is shown as flow 


Tfh-IL-13* Tfh-IL-13* 


Control Control 


cytometry plots (left) or summary bar graphs (right). (D to F) Day 8 post- 
boost sera from Try-l/13-~ or control chimeras were analyzed by ELISA 
for (D) total IgE, (E) low-affinity IgE using NP-40 BSA, and (F) high-affinity 
IgE using NP7-BSA. (G) Evans blue dye quantification after PCA assay 
with day 9 post-boost sera from Te}-I/13°-’~ or control chimeras after 

iv. challenge with NP7-BSA. Each symbol indicates an individual mouse. 
Error bars indicate SEM. Dotted lines in bar graphs represent (A) 
IL-13Ral expression on naive B cells or (E to G) background readings 

of sera from naive mice. Statistical tests: ANOVA (A and B); Student’s 
t test (C and G); Mann-Whitney U test (D to F). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. Data are either from two pooled 
experiments (D and F) or are representative of at least two independent 
experiments with three to seven mice per group. 


cd4*Bcl6™" and 1137/~ mice as donors. Try 
cells in these chimeras did not produce IL-13 
but still made IL-4 to Alt+OVA immunization 
(Fig. 7C). Like 13CreBcl6"/" mice, Tyy-Jl13-/- 
chimeric mice produced comparable titers of 
total and low-affinity IgE to that of controls (Fig. 
7, D and E) but had impaired high-affinity IgE 
(Fig. 7F). The residual high-affinity IgE induced 
in Tyy-Jl13" mice was unable to elicit a PCA re- 
sponse (Fig. 7G). Thus, two complementary ex- 
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perimental approaches revealed that Tyy13 cells 
and the IL-13 they produce are both required for 
the induction of anaphylactic IgE to allergens. 


Discussion 


The signals that instruct B cells to make high- 
affinity IgE remain unresolved. Our work dem- 
onstrated that a rare Tpy13 cell population 
coexpressing IL-4, IL-5, IL-13, BCL6, and GATA3 
was responsible for the production of high- 
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affinity anaphylactic IgE. Eliminating Tpy13 
cells or Ty cell-derived IL-13 during allergen 
immunization resulted in the abrogation of 
high-affinity anaphylactic IgE while leaving low- 
affinity IgE intact. Using scRNA-seq, we confirmed 
that Ty13 cells are transcriptionally distinct 
from Tyy2 and Ty2 cells. Previous work dem- 
onstrates that T};2 and Ty cells can interconvert 
during type 2 responses (45, 46). A transitional 
stage during Ty; development may exist between 
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T effector and Ty; cells during multiple types of 
immune responses, but there is little reason to 
believe that a shared developmental stage indi- 
cates functional homology (23, 47). We observe 
functionally discrete T;;2 and Ty413 populations 
after allergen immunization. 

Our data from T-Dock8"/~ mice provides in- 
sight into possible signaling pathways regulat- 
ing Tyy13 cells. In humans, DOCK8 has been 
shown to promote nuclear translocation of 
STAT3 upon IL-6 or IL-21 stimulation (48, 49). 
Stat3-deficient mice demonstrate increased 
GATAS expression in Tyr; cells (50). These studies, 
along with our data, suggest a T cell-intrinsic 
pathway by which DOCK8 may promote STAT3- 
dependent suppression of GATA3, thereby block- 
ing inappropriate Tyy-induced IgE during 
type 1 immune responses. 

On the basis of previous studies of IgE- 
producing B cells and the present work, we pro- 
pose a two-tiered model of IgE induction that 
allows for different forms of IgE to be produced 
depending on the nature of the Ty, cell gen- 
erated during the type 2 response. Switching 
to IgE can proceed either directly from IgM or 
sequentially via IgG1 (6). Directly switched IgE 
is often of low affinity with poor anaphylactic 
capabilities and can even protect against ana- 
phylaxis by competing for FceR occupancy 
(5, 6, 41, 51-54). This is the dominant pathway 
to IgE during a helminth infection (57, 53). In 
contrast, allergens are associated with high- 
affinity anaphylaxis-inducing IgE. During al- 
lergic sensitization in both mice and humans, 
IgE-producing plasma cells show evidence of 
sequential switching from affinity-matured 
IgG* GC B cells (5, 6, 55, 56). We propose that 
Try2 cells instruct the switching of IgM to IgE 
plasma cells via BATF-driven IL-4, resulting in 
low-affinity IgE antibodies. These Ty 2 cells, 
which do not express GATA3, cannot make IL-13. 
In contrast, allergens induce GATA3* Tyy;13 cells, 
which instruct sequential switching of IgG1* 
B cells, driving high-affinity IgE production 
and anaphylaxis. This is consistent with our data 
showing that IgGl GC B cells express IL-13Ra1 
and that loss of Tyy13 cells impairs both high- 
affinity IgE and GC IgE B cell induction. How- 
ever, loss of IL-13 does not impair IgE responses 
in instances where low-affinity IgE is made, such 
as in helminth infections (43), which is con- 
sistent with our findings and the two-tiered IgE 
model. As loss of IL-4 abrogates all IgE (53), 
IL-13 likely works synergistically with IL-4 to 
promote high-affinity IgE by stably engaging 
the type II IL-4 receptor complex leading to 
sustained STAT6 activation (57, 58). 

Our study defines the role of Ty13 cells in 
eliciting anaphylactic IgE to allergens, identi- 
fying specific molecular targets that could be 
leveraged diagnostically and therapeutically for 
allergies. Identification of T;13 cells answers 
the long-standing question of how, under rare 
circumstances, anaphylaxis-inducing IgE is prod- 
uced by high-affinity B cells. It reconciles conflict- 
ing literature, including discrepancies between 
murine and human studies, on whether IL-13 
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and GATA3 are Tyy-relevant effector molecules. 
Human Try cells expressing GATA3, IL-13, and 
IL-4 have been identified (15, 59, 60) and I113 
remains one of the most replicated genetic asso- 
ciations with elevated IgE, food allergy, atopy, 
and asthma in humans (67-63). Although this 
role is typically ascribed to effector Ty1;2 cells, 
Try13 cells likely drive the humoral arm of the 
allergic response. It will be interesting to see 
whether monotherapies targeting IL-13 in pa- 
tients affect more than tissue-restricted pathol- 
ogy, specifically allergen-reactive IgE levels. 
Similarly, recent clinical trials of a GATA3 
deoxyribozyme to inhibit GATA3 activity in Ty2 
cells in asthmatics showed efficacy in reducing 
eosinophilia (64). The effect of these antisense 
molecules on Ty cells and IgE has not been 
considered given that GATA3 has not typically 
been associated with Ty cells (76-19). Thus, the 
identification of GATA3-expressing Ty1713 cells 
changes the T};2 paradigm for IgE responses. 


Materials and methods 
Human subjects 


Peanut allergy study: Peanut-allergic subjects 
were selected from a cohort previously de- 
scribed (40). The clinical study (CoFAR6) pro- 
vided samples for this study, which is registered 
with ClinicalTrials.gov with ID NCT01904604. 
Informed consent was obtained from all sub- 
jects or parents/guardians, and all procedures 
were approved by the institutional review boards 
at each of the five clinical sites. Peanut allergy 
was confirmed by double-blind placebo con- 
trolled oral challenge with peanut. Controls 
were sensitized but did not react to peanut chal- 
lenge. All individuals were avoiding peanut at 
time of blood draw. Aeroallergen study: Patients 
7 to 14 years old, with and without allergies and 
asthma, were recruited from the pediatric pul- 
monary and pediatric primary care clinics at 
Connecticut Children's Medical Center (CCMC). 
The allergic phenotype was confirmed with a 
positive ImmunoCaAP clinical laboratory test or 
positive skin prick testing to at least one en- 
vironmental allergen (Dermatophagoides farinae, 
Dermatophagoides pteronyssinus, Alternaria 
alternata, Cladosporium herbarum, dog, cat, 
mugwort, mouse, rat, or cockroach). Participants 
with self-reported food allergies were excluded 
from analysis (7 = 1). Clinical details are provided 
in table S4. CCMC IRB# 15-007. 

Mice 

C57BL/6 and congenic C57BL/6-Ly5.1 [B6.SJL- 
Ptpre*Pepc’/BoyCrl] WT mice were purchased 
from Charles River Laboratories (Wilming- 
ton, MA). Cd4°® [Tg(Cd4-cre)1Cwi/BfluJ], 
Cdlic"* (Itgax-Cre) [B6.Cg-Tg(Itgax-Cre)1- 
1Reiz/J], Cdi9*° [B6.129P2(C)-Cd1gt™roen/ 
J], 113° [C.12984(B6)-T1g FP /rOEKy 7/7, 
Foap3t CFP cre ERT2 [Foxp3'™9EGEP/cre/ERT2)Ayr / 
J], Bcl6"* [B6.129S(FVB)-Bclo?™ 7°" /J] 
Smart13[B6.12984(C)- 173°™?"""/J], and OT-II 
[B6.Cg-Tg(TcraTcrb)425Cbn/J] mice were all 
purchased from Jackson Laboratories (Bar Harbor, 
ME). Bone marrow from J113~/~ mice (42) ina 
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C57BL6/J background were kindly provided by 
Dr. E. Gelfand (National Jewish Health, CO). IL-4 
4Get reporter mice [C.129-7/4"™"""/J] were back 
crossed to C57BL/6 background. OT-II mice were 
crossed onto the CD45.1 or Dock8”~ mice. Dock8”- 
and Dock8™! mice were generated as described 
previously (26). To generate T-Dock8/~, DC- 
Dock8~7~ mice or B-Dock8~ mice, Docks"" 
were crossed with Cd4“°, Cdlic°"’, or Cd19°° 
mice, respectively. IL-137° mice were in Balb/c 
background and were backcrossed to Bel6”” 
(C57BL6/J background) for three generations 
and intercrossed to generate [1-13°/° Belo"! 
mice in a mixed background and were used for 
experiments; Cre negative littermates were used 
as controls. All protocols used in this study were 
approved by the Institutional Animal Care and 
Use Committee at the Yale University School of 
Medicine. 


Immunizations 


Type 1 LPS model: Mice were immunized in- 
tranasally (in.) with 2 ug of LPS (Sigma) and 
25 ug of 4-hydroxy-3-nitrophenylacetyl conju- 
gated ovalbumin (NP16-OVA) (LGC Biosearch 
Technologies) for primary immunizations. Mice 
were boosted twice (i.n.) with 10 ung NP16-OVA 
in weekly intervals 10 to 12 days after primary 
immunization. Type 2 models: Mice were im- 
munized with 10 ug Alternaria (Greer; Lot# 
322776) or house dust mite extract (Greer; Lot# 
248041) with 25 ug NP16-OVA (i.n.) for primary 
immunizations. Mice were boosted twice (i.n.) 
with 2 ug of the extract and 10 ng NP16-OVA in 
weekly intervals 10 to 12 days after primary im- 
munization. We observed lot-to-lot variability in 
house dust mite extract’s ability to elicit Tpy13 
cells and antigen-specific IgE. Peanut model: 
Mice were immunized weekly by oral gavage 
with 5 mg of ground raw blanched peanut 
(Western Mixers Produce & Nuts) with or with- 
out 10 ug of cholera toxin (List Biologicals) in 
200 ul of 0.2 M sodium bicarbonate buffer per 
mouse. N. brasiliensis and NP-OVA model: Mice 
were injected with 100 ug NP16-OVA mixed with 
N. brasiliensis (500 third-stage larvae/mouse) 
subcutaneously. Mice subsequently were boosted 
intraperitoneally twice with 50 pg of NP16-OVA 
in weekly intervals 10 to 12 days after primary 
immunization. For some experiments, NP19-OVA 
or NP20-OVA were used depending on the lot. 


Flow cytometry and cell sorting 


Single-cell suspensions from lymph nodes and 
spleen were prepared and stained as described 
previously (27, 26). For intracellular cytokine 
staining (ICS), cells were restimulated with 
phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) 
and ionomycin (1 pg/ml) in 96-well U bottom 
plates in complete IMDM media for 4 hours, 
and Golgiplug (BD Biosciences) was added for 
the last 3 hours. ICS was performed using BD 
ICS kit as per manufacturer’s instructions with 
overnight incubation (4°C) of permeabilized cells 
with antibodies. Intracellular staining of tran- 
scription factors (TFs) was performed using 
Foxp3 staining kit (eBiosciences) according to 
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manufacturer’s instructions or by fixing the cells 
with fixation buffer (BioLegend) for 20 min fol- 
lowed by permeabilization with ice-cold metha- 
nol (20 min) and staining for TFs. All TFs were 
stained at RT for 40 min. Antibodies are listed in 
table S5. All flow cytometry samples were acquired 
on LSRII (BD Biosciences) or MACSQuant 
(Miltenyi) flow cytometers and analyzed by FlowJo 
software (Version 10.4.2, TreeStar). Cell sorting was 
performed using FACS ARIA III (BD Biosciences) 
on Tyr cells or (IL-4)4Get* CD44* CD4* T cells. 


Staining for IgE B cells 


The protocol was adapted from (65). Cells ob- 
tained from mediastinal lymph nodes (MedLNs) 
were incubated on ice for 30 min with viability 
dye, FC-Block (2.4G2), unlabeled anti-IgE (RME-1) 
to saturate surface and CD23 or Fe receptor 
bound IgE. Surface staining was performed af- 
ter this step. Cells were then fixed with and 
permeabilized with BD intracellular staining 
kit and stained with fluorochrome conjugated 
anti-IgE (using same clone that was used to 
saturate surface IgE), anti-IgG1, and anti-IL- 
13Ral1 on ice for 30 to 40 min. All incubations 
prior to fixing cells were done with staining buffer 
(1X PBS containing 2% FBS and 1 mM EDTA). 


Human PBMC stimulation 


Peanut study: Peripheral blood mononuclear cells 
(PBMCs) from healthy control and peanut allergic 
individuals were stimulated with 100 ug/ml crude 
peanut extract and stained for Ty markers and 
cytokines as described (40). Aeroallergen study: 
PBMCs were isolated with gradient centrifuga- 
tion using Lymphoprep (StemCell Technologies), 
and the cells were frozen until use. CD4" T cells 
were isolated from PBMCs using EasySep Hu- 
man CD4* T Cell Enrichment Kit (StemCell 
Technologies) following the manufacturer's pro- 
tocol, and the purity was confirmed by flow 
cytometry. The enriched CD4* T cells were 
incubated overnight, 1 x 10° cells/ml in com- 
plete IMDM (IMDM supplemented with 10% 
heat-inactivated fetal bovine serum, 100 U/ml 
penicillin/streptomycin, 2 mM L-glutamine, 
10 mM HEPES, 0.1 mM nonessential amino 
acids, and 1 mM sodium pyruvate) at 37°C + 
5% COs. Cells were stimulated for production 
of cytokines with PMA (50 ng/ml) + ionomycin 
(1 ug/ml) in the presence of Brefeldin A (GolgiPlug 
from BD Biosciences) for 6 hours. After stimu- 
lation, cells were stained for analysis by flow 
cytometry. CD4" T cells were incubated with 
Ghost Dye Violet 510 (TonboBiosciences) to 
stain dead cells for 10 min at room temperature. 
Fluorochrome-conjugated surface antibodies 
were incubated for 15 min at room temperature. 
Cell-surface antibodies against CD3 (UCHT]1), 
CD4 (RPA-T4), and CD45RA (HI100) were all 
from TonboBiosciences. Anti-CKCR5/CD185 
(RF8B2,) was from BD Biosciences, and anti- 
PD-1/CD279 (EH12.2H7) from BioLegend. Cells 
were then fixed and permeabilized with Fixation/ 
Permeabilization Solution Kit with BD GolgiPlug 
from BD Biosciences. Intracellular staining was 
performed for 30 min at 4°C using anti-IL-4 
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(MP4-25D2), and anti-IL-13 (JES10-5A2) anti- 
bodies from BioLegend. FACS analysis was per- 
formed on a BD LSR Symphony (BD Biosciences), 
and data were analyzed with FlowJo software 
(TreeStar, Ashland, OR). 


Enzyme-linked immunosorbent 
assay (ELISA) 


Sera from immunized mice were collected on 
day 12 post primary and/or 8 to 9 days post 
boost. ELISA was performed as described else- 
where (66). Serum samples were analyzed by 
ELISA for measurement of total, NP-specific, 
peanut-specific, or OVA-specific antibodies. Briefly, 
for antigen-specific antibodies, 20 ug/ml of NP16- 
OVA, NP4-BSA or NP7-BSA, NP40-BSA, or crude 
peanut extract (Lot: 287729, Greer Laborato- 
ries), in carbonate buffer was coated on 96-well 
MaxiSorp plates (Thermo Fisher Scientific) over- 
night. For total antibodies ELISA, 2 ug/ml anti- 
mouse IgE (BD Pharmingen) capture antibodies 
in phosphate buffered saline was coated on 
96-well MaxiSorp plates overnight. Plates were 
blocked with 1% BSA in PBS at 37°C for 1 hour 
followed by the addition of serially diluted serum 
with a 2-hour incubation at 37°C. Antigen-specific 
or total antibody or each isotype was detected 
with anti-mouse IgE-HRP, anti-IgG1-HRP, or 
anti-IgG2c-HRP (Southern Biotech) and incu- 
bated at 37°C. For total antibodies, a starting 
concentration of 100 ng/ml purified mouse IgE 
(BD Biosciences) was used as a standard. NP4- 
BSA or NP7-BSA was used to detect high-affinity 
IgE depending on the lot. Serum from mice im- 
munized with NP-OVA and alum, or complete 
Freund’s adjuvant or Alternaria extract or peanut 
with cholera toxin were used as reference stan- 
dards to calculate arbitrary units for IgGl, IgG2c, 
and IgE, respectively. Plates were developed with 
stabilized chromogen tetramethylbenzidine (Life 
Sciences) and stopped with 3 N hydrochloric acid 
before reading at 450 nm on a microplate reader 
(Molecular Devices). Mouse mast cell protease 1 
(MMCP-1) ELISA was performed with MMCP-1 
ELISA kit (Invitrogen) according to the manu- 
facturer’s instructions. 


Passive cutaneous anaphylaxis (PCA) 


PCA was performed as described earlier (6). 
Briefly, ~20 ul of serum from immunized and 
boosted mice were injected into ear pinnae of 
naive B6 recipients. Twenty-four hours later, the 
recipient mice were challenged with 100 ug NP7- 
BSA together with 1% Evans blue (i.v.). Thirty 
minutes later, the mice were euthanized and ear 
pinnae were harvested and incubated in form- 
amide for 48 to 72 hours at 56°C to release the 
dye. The extent of vascular leakage was measured 
spectrophotometrically at 650 nm using Evans 
blue as the standard. 


Microscopy 


Mediastinal lymph nodes were snap frozen in 
OCT tissue-freezing solution and stored at -80°C. 
Tissues were cut into 7-um sections and pro- 
cessed as described previously (21). Tissues were 
stained with anti-IgD (11-26.c.2a), PNA (Vector 
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Labs), anti-CD4 (RM4-5); anti-human CD4 (RPA- 
T4); and anti-PD-1 (RMP1-30). Images were 
obtained from a laser-scanning confocal micro- 
scope (Leica TCS SP5; Lens: Leica HCX PL APO 
20x/0.70 Oil) or immunofluorescence microscope 
(Nikon Eclipse Ti; Camera: Retiga 2000R; Lens: 
Nikon Plan Apo DIC N1 10X/0.45 and Nikon Plan 
Fluor DIC N2 20X/0.5). Adobe Photoshop or 
ImageJ software was used for image analysis and 
the measurement of GC size and T cell counting. 


Cytokine ELISPOT assay 


MultiScreen HTS plates were coated overnight at 
4°C with anti-IL-21 (IL-21 Elispot kit, eBioscience). 
Sorted cells were cultured (2.5 x 10* cells/well) 
with PMA (50 ng/ml) and ionomycin (1 ug/ml) 
for 36 hours at 37°C followed by the addition of 
primary then secondary detection antibodies. 
Spots were developed with Vector Blue (Vector 
Laboratories) and quantified using an Immuno- 
Spot analyzer (Cellular Technology Limited). 


Quantitative PCR (qPCR) 


RNA from sorted Ty} cells was isolated using 
the QIAGEN RNeasy Micro Kit in accordance 
with the manufacturer’s protocol. cDNA was 
prepared using the Power SYBR Green Cells- 
to-CT Kit (ThermoFisher) in accordance with 
the manufacturer’s protocol. Real-time PCR was 
performed using KAPA SYBR Fast Master 
Mix (Kapa Biosystems) and Low ROX (Kapa 
Biosystems) and run on the QuantStudio3 (Ap- 
plied Biosystems). cDNA expression was ana- 
lyzed by the AC, (change in cycle threshold) 
method normalized to values of Hprt obtained 
in parallel reactions during each cycle. The fol- 
lowing primers were used: J/4: forward 5'- 
AGATCATCGGCATTTTGAACG-3’, reverse 5’- 
TTTGGCACATCCATCTCCG-3’; 1113: forward 
5'-GCTTATTGAGGAGCTGAGCAACA-3’, reverse 
5'- GGCCAGGTCCACACTCCATA-3’; Hprt: forward 
5'-CTGGTGAAAAGGACCTCTCG-3’, reverse 5’- 
TGAAGTACTCATTATAGTCAAGGGCA-3’. 


Single-cell labeling, capture, library 
preparation, and RNA sequencing 


TCRB* CD4* CD44* PD1* CXCR5* Try cells from 
WT mice or IL-4" (GFP) TCRB* CD4* CD44" cells 
from J/4 “4:Get” reporter mice were sorted 7 days 
after immunization with Alternaria extract 
(10 ug) and NP19-OVA (25 ug). Cells were stim- 
ulated with PMA and ionomycin for 30 min. For 
both single-cell RNA sequencing (scRNA-seq) 
experiments, cell suspensions from each mouse 
sample were labeled with cell hashing anti- 
bodies (BioLegend TotalSeq anti-mouse Hashtag 
#3-6) according to the manufacturer’s protocol 
(BioLegend protocol #5009). Cells were washed 
and suspended in PBS containing 0.04% BSA 
and immediately processed as follows. Cells were 
counted on Countess II automated cell counter 
(ThermoFisher), and 12,000 cells (4000 cells 
from each hashtagged mouse) were loaded 
onto one lane of a 10X Chromium microfluidic 
chip. Single cell capture, barcoding and library 
preparation were performed using the 10X Chro- 
mium platform, version 2 chemistry for the first 
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experiment and version 3 chemistry for the 
second, and according to the manufacturer’s 
protocol (#CG00052) with modifications for 
generating the hashtag library (67) BioLegend 
protocol #5009. cDNA and libraries were checked 
for quality on Agilent 4200 Tapestation, quanti- 
fied by KAPA qPCR, and pooled using a ratio of 
95% gene expression library and 5% hashtag 
library before sequencing, one on a single lane of 
an Illumina HiSeq4000 and the other on 16.67% 
of lane of an Illumina NovaSeq 6000 S2 flow 
cell, both targeting 6000 barcoded cells with 
an average sequencing depth of 50,000 reads 
per cell. 


scRNA-seq data processing, quality 
control, and analysis 


Illumina base call (bel) files for the 10X V2 and 
V2 libraries were converted to FASTQ files using 
Cell Ranger mkfastq versions 2.2.0 and 3.02, 
respectively (10X Genomics). Cell Ranger count 
versions 2.2.0 and 3.0.2 (10X Genomics) were 
used to align reads from each library to the same 
mm10 reference genome (GRCm38.84, 10X Ge- 
nomics reference version 2.1.0), generate digital 
counts matrices, and call viable cells (nm = 3956 
and n = 7674, respectively) (68). Processing and 
mapping statistics for both libraries are listed in 
tables S1 and 82. 

All of the following analyses were performed 
using the Scanpy Python package (version 1.3) 
(69). Biological replicate identities for each cell 
were captured by the use of hashtag oligo anti- 
bodies (HTO) as described in (67). HTO library 
FASTQs were processed through the CITE-Seq- 
Count tool (version 1.3.3, https://github.com/ 
Hoohm/CITE-seq-Count), producing cell by 
HTO count matrices for both libraries. Bio- 
logical replicate labels for each cell were inferred 
using the HTO count matrices as prescribed in 
the HTODemux function of the Seurat package 
(version 2.3.3, https://github.com/satijalab/seurat). 
Cells that were determined to be HTO multi- 
plets (e.g., doublets, triplets) were excluded from 
further analysis. Cells were further excluded 
from downstream analysis based on filtering 
by the following criteria: UMI counts per cell, 
gene count per cell, fraction of transcripts mapped 
to mitochondrial genes, cumulative hemoglobin 
expression. This quality control process (shown in 
fig. S6, A and B) yielded n = 3811 and n = 4096 
filtered cells for the Try cell and the IL-4* CD4 
T cell libraries, respectively, with specific ex- 
clusion criteria listed in table $3. Genes were 
removed if they were expressed in fewer than 
three cells, resulting in filtered gene expression 
matrices 3811 filtered cells by 12,861 filtered 
genes and 4096 filtered cells by 14,542 filtered 
genes, respectively. 

The expression matrix of the Ty; cell-sorted 
library was normalized such that the median 
UMI count in each cell was equal to the median 
UMI count across the dataset and then log 
transformed and scaled to zero mean and unit 
variance on a per-gene basis. 2D and 3D UMAP 
embeddings of the scaled, log-transformed single- 
cell expression profiles were produced as fol- 
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lows: (i) the 1200 most highly variable genes 
(HVGs), as measured by dispersion, were se- 
lected; (ii) using the scaled, transformed ex- 
pression at these HVGs, computing the first 
50 principal components (PCs); (iii) these PCs 
are used to construct a & = 10 nearest neighbor 
graph (k-NN graph, where distance is measured 
using cosine distance); (iv) the UMAP embed- 
dings were computed from this k-NN graph 
(70). We observe that cells from each of the bio- 
logical replicates are well-mixed in the UMAP 
embeddings (fig. S6C) and each replicate con- 
tributes roughly equally to all clusters (fig. S6M). 
Cluster labels were assigned via the Leiden com- 
munity detection algorithm on this k-NN graph, 
yielding 11 clusters (shown in fig. S6E) (77). Marker 
genes were identified via a “one-versus-rest” 
methodology comparing mean expression of 
every gene within each cluster which were used 
to assign putative subtypes. Representative mark- 
ers used to identify populations of interest and 
exclude other populations are shown in fig. S6K. 
These marker genes were used to assign cellular 
identities to clusters. Specifically, we isolated clus- 
ters 1 to 6 and 8, consisting of 2 = 3002 cells. 

The expression matrix of the //4/GFP* sorted 
cell library was processed similarly as shown in 
fig. S6 B, D, F, and N. After a preliminary 2D 
embedding and cluster analysis, a small popu- 
lation of B cells was removed (fig. S6L) and the 
remaining n = 3863 T cells were reanalyzed. To 
explore the specific subpopulations of IL-13", all 
cells expressing one or more //13 transcripts 
were isolated and analyzed separately. Six- 
hundred HVGs were selected, and we were careful 
to exclude mitochondrial and ribosomal genes, 
sex-linked genes such as Xist, and cell-cycle and 
proliferation genes from these HVGs. PCs were 
computed using the log-transformed, normalized 
expression signatures at these HVGs and the first 
ten PCs were used to construct a & = 10 cosine 
distance k-NN and 2D UMAP embedding. Low- 
resolution (0.2) Leiden community detection was 
used to identify three subpopulations of IL-13* 
cells. All cells expressing one or more Bcl6 tran- 
script were analyzed identically (as shown in 
fig. S6). Leiden community detection with res- 
olution 0.1 was used to identify two subpopula- 
tions of Bcl6é™ cells. 

Differential expression analysis between pairs 
of clusters was performed using edgeR (version 
3.24.3), where each cell acts as a single sample 
(72, 73). For each comparison, raw counts for 
cells in the two clusters of interest were isolated 
and processed using glmQLFTest assuming a 
two-group design matrix according to the edgeR 
User’s Guide. There are several tools designed 
to identify differential genes in single cell 
transcriptomic data; recent studies have shown 
edgeR and DESeq2 to balance precision and 
recall in DEG analysis, and to perform similar to 
if not better than DEG analysis tools designed 
for scRNA-seq (74). 


Immunoblotting 


CD4* T cells were isolated using CD4 T cell pu- 
rification kit through negative selection (Stem 
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Cell Technologies). Three million cells were lysed 
in immunoprecipitation assay buffer with prote- 
ase inhibitors (Roche), and cell lysates were run 
on SDS-PAGE and transferred onto nitrocellu- 
lose membrane. After blocking with 5% nonfat 
milk in Tris-buffered saline with 5% tween for 
1 hour at room temperature, membranes were 
incubated with anti-mouse DOCKS antibody 
(Takara) at 4°C overnight. Goat anti-rabbit 
IgG(H+L)-HRP polyclonal detection antibody 
(1:5000) (Invitrogen) was incubated with mem- 
brane before assessing chemiluminescence signal 
with ECL substrate on ChemiDoc Imaging Sys- 
tem (Bio-Rad). The housekeeping protein B-actin 
was used to normalize protein concentrations. 


In vitro culture 


Mediastinal lymph node cells were isolated 
from mice immunized with Alternaria extract 
(10 ug) and NP20-OVA (25 ug). Fifty thousand 
cells/well were cultured in 96-well U-bottom 
plates with 1 ug CD40 (HM40-3) in the pres- 
ence of 2 ng of IL-4 (Peprotech) and 50 ng 
of IL-13 (R&D) for 3 days in complete RPMI 
1640. IgE plasma cells were analyzed by flow 
cytometry. 


Teg cell suppression assay 


Naive CD45.1° CD4* T cells were isolated by neg- 
ative selection with magnetic beads (Miltenyi) 
and labeled with carboxyfluorescein succinimidyl 
ester (CFSE) (Life Technologies) and used as re- 
sponders. Regulatory T cells (Treg), CD45.2" CD4* 
CD25* from WT or Dock8~~ mice were isolated 
by negative selection followed by positive selec- 
tion with T,.. isolation kit (Miltenyi). The cells 
were plated at a concentration of 3 x 10* cells per 
well at ratio of 1 T,.,:2 responder T cells. Cells 
were stimulated with 0.5 ug/ml of a-CD3 and 
2 ug/ml of a-CD28. After incubation at 37°C 
for 72 hours, proliferation of responder cells 
was assessed by flow cytometry and compared 
to no-T,.g controls as an assessment of Tyeg SUD- 
pressive abilities. 


Mixed bone marrow chimeras 


Recipient WT CD45.1° mice were irradiated with 
two doses of 600 rad 3 hours apart. One or two 
hours after the second irradiation, 5 x 10° bone 
marrow cells from WT or 1113~ mice mixed with 
5 x 10° bone marrow cells from Cd4"°Bcl6" 
mice were adoptively transferred by i.v. injec- 
tion into irradiated recipient mice. All experi- 
ments with bone marrow chimeric mice were 
performed 10 to 16 weeks after bone marrow 
transplant. 


Dendritic cell migration assay 


Mice were immunized intranasally with 50 ug 
of OVA-Alexa Fluor 647 (Molecular Probes) and 
1pg of LPS (Invivogen). MedLNs were harvested 
18 hours after immunization, minced, and 
digested with collagenase IV (1 mg/ml; Sigma- 
Aldrich) for 40 min at 37°C. Single-cell suspen- 
sions were prepared, stained, and then analyzed 
on an LSRII (BD Biosciences) or MACSQuant 
(Miltenyi Biotec) flow cytometer. 
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In vivo T cell proliferation and 
Try differentiation 


To assess proliferation, CD4* T cells from OT-II 
Dock8/~ (CD45.2*) or OT-II WT (CD45.1.2") 
mice were prepared from the spleen and lymph 
nodes by negative selection using the EasySep 
CD4 T Cell Isolation kit (STEMCELL Technolo- 
gies) according to the manufacturer’s instruc- 
tions. For T cell proliferation assays, OTII cells 
were labeled with 1 uM carboxyfluorescein di- 
acetate succinimidyl ester (CFSE) before transfer 
in to CD45.1* recipient mice and CFSE dilution 
was used to assess proliferation. For Try cell 
identification, OT-II cells were not labeled with 
CFSE and were gated using CD44*CXCR5*PD1". 
A total of 2 x 10° purified OTII cells were 
transferred into mice by retro-orbital injection. 
Mice were intranasally immunized 24 hours 
later with 10 ug of NP-OVA (Biosearch) and 2 ug 
of LPS (Sigma). MedLNs were harvested 3 days 
(for T cell proliferation) or 6 days after immu- 
nization (for Ty cell analyses). Single-cell sus- 
pensions were prepared, stained, and then 
analyzed on an LSRII flow cytometer (BD 
Biosciences). 


Statistical analysis 


ANOVA or Student’s ¢ test were performed on 
normally distributed data (analyzed by Shapiro- 
Wilk test). Mann-Whitney U or Kruskal-Wallis 
H tests were used otherwise. A P-value of <0.05 
was considered significant. Data were analyzed 
with Prism 7 (GraphPad Software). 
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INTRODUCTION: Despite the positive effects of 
intervention strategies that include insecticide- 
impregnated bed nets and artemisinin-based 
drug therapies, malaria still kills nearly 500,000 
people per year and infects more than 200 million 
individuals globally. This, together with the 
emerging resistance of the parasite to frontline 
antimalarials, means that there is an urgent 
need for novel treatments that not only offer a 
cure for malaria but also prevent transmission. 
We show that by inhibiting an essential protein 
kinase that is a key regulator of RNA processing, 
we are able to kill the parasite in the blood and 
liver stages as well as prevent the development 
of the sexual-stage gametocytes, thereby block- 
ing transmission to the mosquito. 


RATIONALE: Our group has previously pub- 


lished a list of 36 protein kinases that are essen- 


PfCLK3: A new drug 

target for malaria. Inhibition 
of the malaria parasite protein 
kinase CLK3 with our probe 
molecule TCMDC-135051 
inhibits the development of 
liver-stage parasites, kills 
asexual blood-stage parasites 
at the trophozoite and schizont 
stages of the erythrocytic 
cycle, blocks the development 
of sexual gametocytes that 
infect mosquitoes, and blocks 
exflagellation that results in 
male gametes. 
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tial for blood-stage survival of the most virulent 
form of the human malaria parasite, Plasmodium 
falciparum. Here, we focused on one of these 
protein kinases from the P. falciparum CLK 
(cyclin-dependent-like kinase) family, PfCLK3, 
and reasoned that inhibition of this protein kinase 
by a small drug-like molecule would be effective 
at killing blood-stage parasites. We further hy- 
pothesized that because PfCLK3 plays a key role 
in RNA splicing, inhibition of this kinase would 
be effective at killing the parasite at all stages of 
the life cycle where RNA splicing is required. This 
would include blood, liver, and sexual stages. 


RESULTS: By screening a focused library of 
nearly 30,000 compounds, we identified a probe 
molecule that selectively inhibited PfCLK3 and 
killed blood-stage P. falciparum. Using a combi- 
nation of evolved resistance and chemogenetics, 
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we established that our probe molecule had 
parasiticidal activity by inhibition of PfCLK3. 
We further showed that inhibition of PfCLK3 
in parasites resulted in a reduction in more than 
400 gene transcripts known to be essential for 
parasite survival. The finding that the vast ma- 
jority of the genes down-regulated by PfCLK3 
inhibition contained introns supported the no- 
tion that inhibition of PfCLK3 killed the malaria 
parasite by preventing the splicing of essential 
parasite genes. Because there is a high degree 
of homology between orthologs of CLK3 in other 
Plasmodium species, it might be expected that 
our probe molecule would both inhibit CLK3 
contained in other malaria parasite species and 
have effective parasiticidal activity in these para- 
sites. This was indeed found to be the case, with 
our molecule showing potent inhibition of CLK3 
from P. vivax and P. berghei 
as well as killing the blood 
stages of P. berghei and 
P. knowlesi. Furthermore, 
we demonstrated that CLK3 
inhibition also kills liver- 
stage P. berghei parasites 
and prevents P. berghei infection in mice. Finally, 
we showed that inhibition of PfCLK3 prevents 
the development of P. falciparum gametocytes, 
thereby blocking the infection of mosquitoes. 


Read the full article 
at http://dx.doi. 
org/10.1126/ 
science.aaul682 


CONCLUSION: We found that inhibition of 
the essential malaria protein kinase CLK3 can 
kill multiple species of malaria parasites at the 
blood stage as well as killing liver-stage para- 
sites and blocking transmission of the parasite 
to mosquitoes by preventing gametocyte develop- 
ment. In this way, we validate Plasmodium spp. 
CLK3 as a target that can offer prophylactic, cura- 
tive, and transmission-blocking potential. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
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The requirement for next-generation antimalarials to be both curative and transmission- 
blocking necessitates the identification of previously undiscovered druggable molecular 
pathways. We identified a selective inhibitor of the Plasmodium falciparum protein kinase 
PfCLK3, which we used in combination with chemogenetics to validate PfCLK3 as a drug 
target acting at multiple parasite life stages. Consistent with a role for PFCLK3 in RNA 
splicing, inhibition resulted in the down-regulation of more than 400 essential parasite 
genes. Inhibition of PFCLK3 mediated rapid killing of asexual liver- and blood-stage 

P. falciparum and blockade of gametocyte development, thereby preventing transmission, 
and also showed parasiticidal activity against P. berghei and P. knowlesi. Hence, our data 
establish PfCLK3 as a target for drugs, with the potential to offer a cure—to be 
prophylactic and transmission blocking in malaria. 


espite artemisinin-based combination ther- 

apies offering effective frontline treatment 

for malaria, there are still more than 200 

million cases of malaria worldwide each 

year, resulting in an estimated 500,000 
deaths. This, combined with the fact that there is 
now clear evidence for the emergence of resistance 
not only to artemisinin (J, 2) but also to partner 
drugs including piperaquine and mefloquine 
(3, 4), means that there is an urgent need for 
novel therapeutic strategies to cure malaria while 
also preventing transmission. Global phospho- 
proteomic studies on the most virulent species of 
human malaria, Plasmodium falciparum, have 
established protein phosphorylation as a key 
regulator of a wide range of essential parasite 
processes (5-8). Furthermore, of the 65 eukaryotic 
protein kinases in the parasite kinome (9), more 


than half have been reported to be essential for 
blood-stage survival (8-12). These studies, together 
with the generally accepted potential of target- 
ing protein kinases in the treatment of numerous 
human diseases (13, 14), suggest that inhibition 
of parasite protein kinases might offer a viable 
strategy for the treatment of malaria (6, 15) 

To directly test this hypothesis, we focused on 
one of the four members of the P. falciparum 
cyclin-dependent-like (CLK) protein kinase fam- 
ily, P(CLK3 (PF3D7_1114700), a protein kinase 
essential for maintaining the asexual blood stage 
of both P. falciparum (8, 12) and P. berghei (10, 11). 
In mammalian cells, the CLK protein kinase fam- 
ily and the closely related SRPK family are crucial 
mediators of multiple phosphorylation events on 
splicing factors, including serine-arginine-rich 
(SR) proteins, which are necessary for the correct 


assembly and catalytic activity of spliceosomes 
[reviewed in (J6)]. A key member of the human 
CLK family is the splicing factor kinase PRP4 
kinase (PRPF4B), which homology-based studies 
have identified as the closest related human kinase 
to PfCLK3 (17, 18). PRPF48B plays an essential role 
in the regulation of splicing by phosphorylation 
of accessory proteins associated with the spliceo- 
some complex (19). The finding that PfCLK3 can 
phosphorylate SR proteins in vitro (20) supports 
the notion that PfCLK3, like the other members 
of the PfCLK family (77), plays an essential role in 
parasite pre-mRNA processing (18). 


High-throughput screen identifies 
selective Pf CLK3 inhibitors 


We established high-throughput inhibition assays 
for two essential members of the PfCLK family, 
PfCLK1 and PfCLK3 (fig. S1). Both of these pro- 
tein kinases were purified as active recombinant 
proteins (fig. S2A) and were used in a high- 
throughput time-resolved florescence resonance 
energy transfer (TR-FRET) assay, showing robust 
reproducibility in 1536-well assay format (Z’ > 0.7) 
(fig. S2, B to H). This assay was used to screen 24,619 
compounds, comprising 13,533 compounds in 
the Tres Cantos Anti-Malarial Set (TCAMS) (21), 
1115 in the Protein Kinase Inhibitor Set (PKIS) 
(22), and 9970 in the MRCT index library (23), 
at a single dose (10 uM). Hits were defined as 
those compounds that were positioned >3 stan- 
dard deviations from the mean of the percent 
inhibition distribution curve (Fig. 1, A and B) and 
that also showed >40% inhibition. This identi- 
fied 2579 compounds (consisting of MRCT = 250, 
PKIS = 4, TCAMS = 2325), which, together with 
the 259 compounds identified as “the kinase in- 
hibitor set” from within the Medicines for Malaria 
Venture (MMV) box, a collection of 400 anti- 
malarial compounds (24), were used to generate 
concentration inhibition curves (Fig. 1C and 
table S1). On the basis of the selectivity criterion 
of a difference of more than 1.5 log units in the 
negative logarithm of the half-maximal inhibition 
(pICs0), 28% of the hits showed specific inhibition 
of PfCLK1 and 13% specifically inhibited PfCLK3, 
whereas 23% of the compounds inhibited both 
PfCLK3 and PfCLK1; the remainder (36%) were 
inactive (Fig. 1, C and D, and table S1). Exemplar 
molecules from each of these three classes are 
shown in fig. S3. 

Highlighted in Fig. 1C is TCMDC-135051, which 
showed the highest selectivity and potency for 
inhibition of P(CLK3. TCMDC-135051 also showed 
lower activity against the closely related human 
kinase CLK2 (29% sequence identity with PfCLK3) 


Wellcome Centre for Integrative Parasitology, University of Glasgow, Glasgow G12 8QQ, UK. “Centre for Translational Pharmacology, Institute of Molecular Cell and Systems Biology, University 
of Glasgow, Glasgow G12 8QQ, UK. Novartis Institute for Biomedical Research, Emeryville, CA 94608, USA. “School of Chemistry, University of Glasgow, Glasgow G12 8QQ, UK. “Institute of 
Biodiversity, Animal Health and Comparative Medicine, College of Medical, Veterinary and Life Science, University of Glasgow, Glasgow G12 8QQ, UK. °Structural Genomics Consortium, 
Universidade Estadual de Campinas, Campinas, Sao Paulo 13083-886, Brazil. Department of Medical Parasitology and Infection Biology, Swiss Tropical and Public Health Institute, 4051 Basel, 
Switzerland. Skaggs School of Pharmaceutical Sciences, UC Health Sciences Center for Immunology, Infection and Inflammation, University of California, San Diego, School of Medicine, La Jolla, 
CA 92093, USA. °Medical Research Council Toxicology Unit, University of Leicester, Leicester LE1 9HN, UK. Department of Molecular Cell Biology, University of Leicester, Leicester LE1 9HN, 
UK. “Diseases of the Developing World, GlaxoSmithKline, 28760 Tres Cantos, Madrid, Spain. Biomedical Science Cluster, School of Health and Biomedical Sciences, Royal Melbourne Institute 
of Technology, Melbourne, VIC 3000, Australia. "MRC Unit the Gambia, Fajara, Banjul, The Gambia. “Biostatistics and Bioinformatics Unit, IMDEA Food Institute, 28049 Madrid, Spain. 
structural Genomics Consortium, Nuffield Department of Clinical Medicine, University of Oxford, Oxford OX3 7DQ, UK. 


*These authors contributed equally to this work. 
tCorresponding author. Email: andrew.tobin@glasgow.ac.uk 


Alam et al., Science 365, eaau1682 (2019) 


30 August 2019 


lofs8 


RESEARCH | RESEARCH ARTICLE 


by a factor of ~100 (table S1). Similarly, TCMDC- 
135051 showed no evidence of interacting with 
the human ortholog of PfCLK3, PRPF4B. This was 
seen in thermostability assays, using differential 
scanning fluorimetry, where staurosporine, acting 
as a positive control, increased the melting tem- 
perature of PRPF4B by 2.40° + 0.14°C. In contrast, 
TCMDC-135051 showed no change in PRPF4B 
thermostability (fig. S4A). Furthermore, in a mass 
spectrometry-based PRPF4B activity assay, the 
published inhibitor Compound A (25) showed 
inhibition of PRPF4B, whereas TCMDC-135051 at 
concentrations up to 50 uM showed no inhibi- 
tory activity (fig. S4B). In further counterscreens, 
TCMDC-135051 showed no activity against the 
P. falciparum protein kinases Pf PKG and PfCDPK1 
(fig. S5, Ato C). Thus, TCMDC-135051 showed 
selective inhibition of PfCLK3 when compared 
against the closely related human kinases PRPF4B 
and CLK2, as well as the closest parasite kinase, 
PfCLK1, and other parasite kinases (PfPKG, 
PfCDPK1). 


Cutoff = mean + 3SD 
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TCMDC-135051 is a member of a series of 
molecules that were contained in the high- 
throughput screen with the same chemical scaf- 
fold. This series showed similar inhibitory activity 
against PfCLK3 (fig. S6). Note that the TCMDC- 
135051 is part of the TCAMS and has previously 
been shown to have antiparasiticidal activity 
(half-maximal response ECs) = 320 nM); the 
structure has been published (27). However, 
resynthesis of TCMDC-135051, together with nu- 
clear magnetic resonance (NMR) analysis, has deter- 
mined the correct structure for TCMDC-135051 to 
be the one shown in Fig. 1C and fig. S3. 


Parasite strains resistant to 
TCMDC-135051 show mutations in PfCLK3 


We next sought to confirm that PfCLK3 was the 
target of TCMDC-135051 parasiticidal activity. 
Exposing P. falciparum Dd2 parasites to increas- 
ing concentrations of TCMDC-135051 resulted 
in the emergence of three independent lines that 
showed decreased sensitivity to TCMDC-135051 


B 
Key 
© Inactive 
@ Pan - active 
@ PfCLK3- selective 
D @ PfCLK1 - selective 


Fig. 1. High-throughput screen identifies inhibitors of PFCLK1 and PfCLK3. (A) Percent 
inhibition distribution pattern of compounds screened against PfCLK3, binned in 5% intervals. 
Active “hit” compounds were defined as those that were positioned >3 SDs from the mean. 
(B) Pie chart summary of the primary single-dose screen. (C) Hit compounds were used 

in concentration response curves. Shown is a comparison of plCso values for inhibition of 
PfCLK3 versus PfCLK1. TCMDC-135051 (structure shown) is highlighted as the most potent 
and selective PfCLK3 hit. (D) The same data as shown in (C) but in pie chart format of 
compounds designated as inactive, pan-active (active against both PfCLK1 and PfCLK3), or 


selective for either PfCLK1 or PfCLK3. 
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but no change in sensitivity to chloroquine or 
artemisinin (Fig. 2A and Table 1). Whole-genome 
sequencing of the three resistant lines revealed 
mutations in Pf/CLK3 (lines TM051A and TMOS1C) 
and a mutation in the putative RNA processing 
protein Pf{USP39 (PF3D7_1317000) (ine TMO51B; 
Fig. 2B and Table 1). The resistant clone TMO51A, 
which contained the mutation Pro’’® > Arg 
(P196R) in the N-terminal region outside the 
PfCLK3 kinase domain (Fig. 2B), showed the 
smallest change in sensitivity to TCMDC-135051 
(factor of 4.2 shift in ECs9 relative to parental 
Dd2 parasites). Examination of the in vitro enzy- 
matic properties of the P196R mutant found in 
TMO051A did not detect any changes in enzyme 
kinetics or sensitivity to inhibition by TCMDC- 
135051 relative to the wild-type kinase; this find- 
ing suggests that this mutation could potentially 
stabilize the protein or be otherwise involved in 
the interaction between PfCLK3 and its sub- 
strates or regulatory proteins. 

The line TMOSIC, containing a His”? > Pro 
(H259P) mutation in PfCLK3, showed the largest 
degree of resistance to TCMDC-135051, with a 
shift in EC;9 by a factor of >11 in the death curve 
(Fig. 2C and Table 1). Evaluation of the enzymatic 
properties of the H259P mutant revealed that the 
mutant kinase possessed ~3 times the activity 
of the wild-type kinase, whereas the Michaelis 
constant K,, for adenosine triphosphate (ATP) 
was similar between mutant and wild-type ki- 
nases (Fig. 2, D and E). The fact that His”? 
resides outside of the kinase domain suggests 
that this amino acid is within a regulatory region 
that controls enzymatic activity. 

In contrast to the other two resistant lines, 
TMO51B did not contain a mutation in PfCLK3 
but rather contained a mutation, Phe’? — Ile 
(F1031), within the putative zinc-finger ubiquitin- 
binding domain of ubiquitin-specific peptidase- 
39 (PfUSP39). The human and yeast orthologs 
of PfUSP39 [small nuclear ribonucleoprotein 
(snRNP) assembly-defective protein-1 (Sad1)] 
are members of the deubiquitinase family that 
are essential components of the U4/U6-U5 tri- 
snRNP complex necessary for spliceosome activ- 
ity (26-28). The position of the F103I mutation 
within the zinc-finger ubiquitin-binding domain 
of PfUSP39 may be of importance because this 
domain has been implicated in the interaction 
of USP39/Sad1 with the spliceosome (27). Hence, 
the involvement of PfUSP39 in the same pathway/ 
function as PfCLK3, together with the muta- 
tions found in PfCLK3 itself in the other two 
resistant lines, supports the notion that the 
parasiticidal activity of TCMDC-135051 is via 
inhibition of PfCLK3. 


Genetic target validation of Pf CLK3 


To further confirm PfCLK3 as the target of 
TCMDC-135051 parasiticidal activity, we de- 
signed a variant of PfCLK3 that showed reduced 
sensitivity to TCMDC-135051. To generate this 
variant, we took advantage of the highly selec- 
tive inhibition of PfCLK3 over PfCLK1 shown 
by TCMDC-135051. By exchanging amino acids 
within subdomain V of the PfCLK3 kinase domain 
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Fig. 2. Parasites adapted to become less sensitive to TCMDC-135051 harbored mutations in 
the pfclk3 gene. (A) To generate TCMDC-135051-resistant parasite lines, we cultured Dd2 parasites 
with increasing concentrations of TCMDC-135051 over a 2-month period. This protocol resulted in 
three lines that were less sensitive to TCMDC-135051 but displayed unchanged sensitivity to 
artemisinin (ART) and chloroquine (CQ). (B) Illustration of the position of the mutations in the pfclk3 
gene and pfusp39 gene in the drug-resistant mutant lines. (C) The line showing the greatest change 

in sensitivity to TCMDC-135051, TMOSIC, expressed a mutant form of PfCLK3 (H259P) (illustrated). 
Shown are death curves for parental and TMOSIC lines. MFI, mean fluorescence intensity. 

(D) Enzyme activity of recombinant PfCLK3 and the H259P mutant determined at varying ATP 
concentrations to derive a K,, for ATP. (E) TCMDC-135051 kinase inhibition curves for PfCLK3 and 
the H259P mutant at K,, ATP concentrations for each enzyme. Data are means + SEM of at least 
three independent experiments. 


with equivalent residues in the kinase domain 
of PfCLK1 (fig. $1), a variant of PfCLK3 was 
generated where Gly**? in PfCLK3 was sub- 
stituted by a proline residue (G449P) (Fig. 3A). 
This recombinant variant protein showed a 
factor of ~3 log shift in sensitivity for inhibi- 
tion by TCMDC-135051 (Fig. 3, B and C) [Pf{CLK3 
PICs = 7.35 + 0.12 (ICso = 0.04 uM), G44 9P pICs = 
4.66 + 0.16 (ICs9 = 21.87 1M)]. The G449P variant 
also showed a slightly lower enzymatic activity 
(Fig. 3D) [PfCLK3 maximal rate of reaction 
(Vinax) = 1.24, G449P Vinay = 0.88] but higher 
Ky for ATP (fig. S7A) (P/CLK3 K,, = 6.29, G449P 
Ky = 81.3) relative to wild-type PfCLK3. Single- 
crossover homologous recombination target- 
ing the PfCLK3 locus with a construct designed 
to insert the coding sequence for the G449P 
mutant (Fig. 3E) generated two independent 
clones (A3 and A8) that expressed the G449P 
mutant in place of the wild-type Pf{CLK3 (Fig. 3, F 
and G). Integration of the plasmid at the target 
locus was verified by polymerase chain reaction 
(PCR) of genomic DNA (Fig. 3F), and Western 
blotting confirmed the expression of the G449P 
mutant, which was epitope-tagged with a he- 
magglutinin (HA) tag at the C terminus (Fig. 3G). 
The growth rate of the G44.9P-expressing mutant 
parasites was not different from that of control 
3D7 parasites (fig. S7B). The activity of TCMDC- 
135051 in parasite viability assays was signifi- 
cantly reduced by ~1.5 log units in both clones 
of G449P (Fig. 3H) [negative logarithm of the 
half-maximal effect (DECs59) of TCMDC-135051 
in the Dd2 wild type, 6.35 + 0.038 (ECs = 0.45 uM); 
in the A3 strain, 4.86 + 0.13 (ECs = 13.80 uM); in 
the A8 strain, 4.94 + 0.051 (ECs = 11.48 uM)], 
providing further evidence that TCMDC-135051 
kills parasites via inhibition of PfCLK3. 
Previous efforts to make inhibitor-insensitive 
versions of apicomplexan protein kinases have 
focused on the mutation of the gatekeeper res- 
idue, a key residue in the ATP binding pocket 
that can provide steric hindrance to ATP com- 
petitive protein kinase inhibitors (5, 29, 30). In 
contrast, our approach was based on a comparison 
of residues between two highly related kinases 
(PfCLK1 and PfCLK3) that showed differential 


es 
Table 1. Adaptive resistance to TCMDC-135051. Dd2 parasites were exposed to subthreshold concentrations of TMDC-135051, and three lines were 
isolated that were less sensitive to TCMDC-135051 but had unchanged sensitivity to artemisinin and chloroquine. Shown are nucleotide changes and 
associated amino acid changes in genes from the resistance lines as well as the identity and annotated function of the mutant genes. ECs values associated 
with each line for artemisinin, chloroquine, and TCMDC-135051 are shown, as well as the relative (fold) change in ICso for TCMDC-135051 compared to Dd2 


parent parasites. Data are means + SEM of three experiments. 


ECs0 
Position Artemisinin Chloroquine TCMDC- Fold 
Line Chr (mutation) Mutation Gene Annotation (uM) (uM) 135051 (uM) change 
Dd2 (parent) 0.028 + 0.006 0.169+0.059 0.113 + 0.021 
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sensitivity to an inhibitor. By swapping residues 
between the kinases, we introduced inhibitor 
insensitivity into our target kinase (e.g., PPCLK3) 
in a strategy that could be applied to other pro- 
tein kinases. 


Inhibition of PFCLK3 prevents 
trophozoite-to-schizont transition 


To characterize the phenotypic response to 
PfCLK3 inhibition and to understand PfCLK3 
function, we treated P. falciparum 3D7 parasites 
synchronized at ring stage (time point zero) with 
1uM TCMDC-135051. The parasites progressed 
to late ring stage (time point 20 hours) (Fig. 4A) 
but did not progress further to trophozoite stage 
(time point 30 and 40 hours), arresting with a 
condensed and shrunken appearance (Fig. 4:A). 
Similar effects were observed if the parasites were 
treated at mid-ring stage (time point 10 hours). 
Treatment of the parasite at later time points (20 
or 30 hours) blocked development of the parasite 
from the trophozoite to the schizont stage. The 
fact that the parasites at the schizont stage were 
not viable was further evidenced by the absence 
of ring-stage parasites when the culture was 
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continued to the 50-hour time point (Fig. 4A). 
These data indicated that PfCLK3 inhibition 
prevented the transition of the parasites at early 
stages (ring to trophozoite) as well as late stages 
(trophozoite to schizont) of development and did 
not allow parasites to reach the next invasion 
cycle (Fig. 4A). These data further indicated that 
PfCLK3 inhibition resulted in rapid killing, with 
no evidence that the compound resulted in qui- 
escence from which the parasite could recover 
after drug withdrawal. These features were con- 
firmed in parasite reduction rate assays, which 
showed that treatment of parasites with 10 x 
ECs9 of TCMDC-135051 completely killed the 
parasite in 48 hours; viable parasites could not 
be observed despite maintaining the parasite 
culture for 28 days after withdrawal of TCMDC- 
135051 (Fig. 4B). 


Inhibition of PFCLK3 
disrupts transcription 


Because Pf/CLK3 has been proposed to regulate 
RNA processing (20) and is closely related to the 
human kinases PRPF4B and CLK2 that are in- 
volved in RNA splicing (79), we investigated 
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Fig. 3. Chemogenetic validation of PFCLK3 
as a target for the parasiticidal activity of 
TCMDC-135051. (A) Schematic of the 
primary amino acid sequence of PfCLK3 
showing the 11 kinase subdomains and the 
sequence of subdomain V of PfCLK1 and 
PfCLK3. A, Ala; C, Cys; E, Glu; F, Phe: 

G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; 
N, Asn; P, Pro; R, Arg; S, Ser; T, Thr; V, Val: 
W, Trp; Y, Tyr. (B) Gel-based assay of the 
phosphorylation of myelin basic protein 
(MBP) by PfCLK3 and a Gly449 = Pro variant 
(G449P). The top gel is an autoradiograph 
and the bottom a Coomassie stain of 

the same gel. (©) TCMDC-135051 inhibition of 
recombinant PfCLK3 and the G449P mutant. 
(D) Maximal kinase activity of recombinant 
PfCLK3 compared to the activity of the 
G449P mutant. (E) Schematic of gene 
targeting strategy that would result in the 
expression of the G449P mutant (containing 
a triple HA tag) in place of wild-type 

PfCLK3. (F) The recombination event 
illustrated in (E) was identified in cloned 
G449P parasite cultures by PCR (A3 and A8). 
(G) Expression of the triple HA-tagged 
G449P mutant in genetically engineered 
parasite cultures (G449P) was determined 
by Western blotting. Left, gel probe of lysates 
with antibodies to HA; center, a loading 
control probed with antibodies to PfCDPK1; 
right, a Coomassie stain of the lysate prepa- 
rations used in the Western blots. (H) Growth 
inhibition curves of TCMDC-135051 against 
parent 3D7 parasites and G449P parasites 
(A3 and A8). Data in (C), (D), and (H) are 
means + SEM of at least three independent 
experiments. *P < 0.05 (t test). 


changes in gene transcription in parent Dd2 
parasites and the drug-resistant stain TM051C 
in response to exposure to TCMDC-135051. RNA 
isolated from trophozoite-stage parasites was 
extracted after treatment with 1 14M TCMDC- 
135051 for 60 min, during which the Dd2 and 
TMOSIC parasites maintained normal morphol- 
ogy. Genome-wide transcriptional patterns were 
determined using oligonucleotide microarray 
chips that probed 5752 P. falciparum genes (31). 
Under these conditions, 779 gene transcripts 
were significantly down-regulated in response 
to PfCLK3 inhibition in the Dd2 parasites and 
155 genes were up-regulated (Fig. 4C and table 
$2). That the majority of these transcriptional 
changes were due to inhibition of PfCLK3 and 
not off-target events was supported by the fact 
that under the same conditions, only six genes 
were up-regulated and 88 down-regulated in the 
resistant TMOSIC parasite strain (Fig. 4D and 
table $3). By subtracting the transcriptional 
changes observed in the TMOSIC strain, defined 
here as “off-target,” from those observed with the 
Dd2 parent, the transcriptional changes due to 
“on-target” inhibition of P(CLK3 were defined 
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Fig. 4. Inhibition of PFCLK3 prevents trophozoite-to-schizont 
transition, kills the parasite with rapid kinetics, and disrupts gene 
transcription. (A) Smears of synchronized blood-stage P. falciparum 
cultures after treatment with TCMDC-135051 (2 uM) were taken at 

the indicated times after TCMDC-135051 administration. (B) The in vitro 
parasite reduction rate in the presence of 10 x ECs of TCMDC-135051 
was used to determine the onset of action and rate of killing. Data are 
means + SEM. Previous results reported on standard antimalarials tested 
at 10 x ECso using the same conditions are shown for comparison (44). 
(C and D) Illustration of the genes that are designated as significantly 


(table S4). Among these “on-target” down- 
regulated genes were those involved in key par- 
asite processes, such as egress and invasion, 
cytoadherence, parasite protein export, and in- 
volvement in sexual stages, as well as house- 
keeping functions including metabolism, RNA 
processing, lipid modification, and mitochon- 
drial function (Fig. 4E and table S4). Of the 696 
“on-target” genes identified as down-regulated 
by PfCLK3 inhibition (table S4), 425 matched 
those that have recently been determined to be 


Alam et al., Science 365, eaau1682 (2019) 


605 
@» 004 
e 4 
5 J 
oe 40 
na 
fo) 
< 304 
(cb) 4 
2 q 
£ 20; 
2 
° l | | ; 
a 2 =. i ¥. 2 
SPF o&. SFPD DS QW LP... ™. 
FS FGI LP FM RE MEE 
SF EPP NIP FE LS Si Se FeO Pe 
D SOS DAS WO" S oh > OSS 
ES ESSE CESS SE WO 
SOY Soy’ VS VES” 
¢ SMT L Pre oS 
vs ESN 
oe y ee 


essential for asexual P. falciparum survival (12) 
(table S4). 

Gene ontology enrichment analysis was used 
to determine biological functions that were dis- 
proportionally down-regulated by PfCLK3 inhi- 
bition. In this analysis, genes associated with 
key biological functions, particularly protein 
modification, phospholipid biosynthesis, and 
lipid modification, were significantly overrep- 
resented among those genes that were down- 
regulated (fig. S8 and table S5). We found that 
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changing (moderate t test, n = 4) in transcription after treatment with 
TCMDC-135051 (1 uM, 60 min) of either (C) parent Dd2 parasites or (D) 
TMO51C mutant parasites. Each line represents the logs fold change in the 
probes used in the microarray. Numbers of genes represented by the 
probes are indicated. (E) Summary of the parasite processes associated 
with the genes where transcription is statistically significantly down-regulated 
after TCMDC-135051 treatment. (F) Assessment of intron-containing genes 
among genes that are up-regulated and down-regulated in Dd2 parasites 
after TCMDC-135051 treatment. (G) Assessment of intron-containing genes 
in the P. falciparum genome (data derived from Plasmodb). 


93% of the “on-target” down-regulated genes 
contained introns (Fig. 4F and table S4), versus 
52% of genes in the P. falciparum genome that 
are annotated as containing introns (32) (Fig. 4G). 
Hence, PfCLK3 inhibition significantly affected 
the transcription of genes that contained introns 
(P < 0.0001, Pearson x? test), further supporting 
its role in splicing. 

In addition to the nearly 700 genes down- 
regulated in response to PfCLK3 inhibition, 
there were 154 genes that were significantly 
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up-regulated (table S4). Among these were genes 
associated with RNA processing, such as splicing 
factor 1 (PF3D7_1321700) and pre-mRNA splic- 
ing factor SYF1 (PF3D7_1235900), indicating that 
at least some of the up-regulated genes may rep- 
resent compensatory mechanisms. In support of 
this notion was the finding that P/CLK3 itself 
was within the up-regulated genes (table S4). 


Cross-species and in vivo activity of 
TCMDC-135051 


It might be predicted that the close similarity 
between orthologs of CLK3 in different malaria 
parasite species would result in TCMDC-135051 
showing similar activities against CLK3 from 
different Plasmodium species. This indeed was 
the case, as in vitro kinase assays using recombi- 
nant PvCLK3 (P. vivax) and PbCLK3 (P. berghei) 
(fig. S9, A and B) showed that TCMDC-135051 
had near-equipotent inhibition at these two 
orthologs, with pIC;, values of 7.47 + 0.12 (ICs = 
0.033 1M) and 7.86 + 0.10 (ICso = 0.013 1M), 
respectively (fig. S10, A and B). Furthermore, in 
asexual blood-stage cultures of both P. knowlesi 
(an experimental model for P. vivax) and P. berghei 
[a rodent malaria model used for in vivo drug 
testing (33)], inhibition of CLK3 by TCMDC- 
135051 resulted in parasiticidal activity in both 
of these Plasmodium species (Fig. 5, A and B). 
The potent and efficacious effects of TCMDC- 
135051 in blood P. berghei cultures prompted an 
investigation of the in vivo activity of TCMDC- 
135051 in mice infected with P. berghet. Twice- 
daily intraperitoneal dosing of TCMDC-135051 
into mice infected with P. berghei resulted in a 


dose-related reduction in parasitemia over a 
5-day infection period, where the maximal dose 
(50 mg/kg) resulted in near-complete clearance 
of parasites from peripheral blood (Fig. 5C). 


Activity of TCMDC-135051 at liver 
invasion and sporozoite development 


TCMDC-135051 showed potent activity against 
P. berghei sporozoites in a liver invasion and 
development assay (34) in which the compound 
showed a pECs, value of 6.17 + 0.10 (ECs9 = 
0.40 uM) (fig. S11), although hepatocyte toxicity 
(fig. S11) was observed but only significantly at 
10 uM (fig. S11). 


Targeting Pf CLK3 reduces transmission 
to the mosquito vector 


The effects of P(CLK3 inhibition on sexual-stage 
parasites were tested in an assay developed using 
the P. falciparum Pf2004 parasite strain, which 
shows high levels of gametocyte production (35). 
TCMDC-135051 showed potent parasiticidal ac- 
tivity in asexual-stage Pf2004 (fig. S12A) [pECso 
in Pf2004 = 6.58 + 0.01 (ECs = 0.26 1M)] similar 
to that seen in asexual 3D7 and Dd2 parasites. In 
addition, TCMDC-135051 showed inhibitory activ- 
ity between commitment of infected red blood 
cells to stage II gametocytes [pECs = 6.04 + 0.11 
(ECs0 = 0.91 nM)] (fig. S12B). 

These in vitro studies were followed by mos- 
quito membrane feeding assays to test directly 
the impact of PfCLK3 inhibition on transmission 
of P. falciparum to the mosquito vector. In these 
experiments, stage II gametocytes (from 3D7 
parasites) were exposed to TCMDC-135051 and 
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Fig. 5. Inhibition of PfCLK3 has parasiticidal activity at multiple 
parasite species, shows in vivo parasiticidal activity in P. berghei, blocks 
gametocyte development, and reduces transmission to the mosquito 
vector. (A and B) Concentration effect curve of TCMDC-135051 on blood- 
stage P. knowlesi (A) and P. berghei (B) parasites. (©) TCMDC-135051 

P. berghei in vivo growth inhibition curves and day 4 percentage suppression 
plots (inset). Error bars are SD from n = 4 mice groups. Statistical 
comparisons between mice treated with drug and vehicle are shown using 
one-way analysis of variance and Dunnett multiple-comparisons test. 
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allowed to develop to stage V in the continued 
presence of drug. These experiments showed a 
concentration-dependent decrease in stage V 
gametocyte number (Fig. 5D). When analyzed 
using a generalized linear mixed model (GLMM), 
this effect had a potency of ECso = 0.8 uM (Fig. 
5E). Furthermore, the inhibition of PfCLK3 
showed a statistically significant decrease in 
exflagellation (Fig. 5, F and G; ECs, = 0.2 uM), 
which, combined with the effect on gametocyte 
number, contributed to a statistically significant 
reduction in transmission, as measured by the 
prevalence of oocysts in the gut of mosquitos in 
membrane feeding assays (Fig. 5, H and I). 

These studies were further extended to test the 
effects of PfCLK3 inhibition on stage V gameto- 
cytes. Although exposure of stage V gametocytes 
to TCMDC-135051 for 24 hours did not affect 
gametocyte number (fig. S13, A and B), a small 
but significant reduction in exflagellation (~25% 
reduction, P < 2 x 10°" as determined by GLMM) 
was observed at the highest concentration tested 
(fig. S13, C and D). A more pronounced effect was 
observed in membrane feeding experiments 
where mosquito transmission was significantly 
reduced by ~50% (fig. S13, E and F, P = 4.33 x 
10~°). A reduction of mosquito infection prev- 
alence of 50% is likely to have a major effect in 
field conditions where infection rates in mos- 
quitos are usually <5%. 


Discussion 


Our results identify PfCLK3 as a valid and 
druggable antimalarial target for both sexual 
and asexual stages of parasite development, 
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(GC) numbers in culture [(D) and (E)], exflagellation [(F) and (G)], and 
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mosquitos dissected) of infection of Anopheles coluzzii mosquitos [(H) and (1)]. 
(D), (F), and (H) show means + SEM of four independent experiments; 

(E), (G), and (I) show the predicted effects of drug concentrations according to 
the maximal GLMM, with the shaded area indicating 95% confidence intervals. 
From the GLMM analysis, the approximate ECs values were calculated. 
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including the liver stage. This suggests that 
targeting PfCLK3 might be a novel strategy for 
developing curative treatments for malaria by 
clearance of asexual blood-stage parasites and 
as a potential prophylactic by targeting the liver 
stage; moreover, the parasiticidal activity afforded 
by PfCLK3 inhibition at gametocytes would indi- 
cate that through this mechanism, transmission 
to the insect vector could also be affected. Because 
splicing of essential transcripts occurs at many 
stages of the parasite life cycle, it is attractive to 
hypothesize that inhibition of Pf(CLK3, which has 
been implicated in the phosphorylation of splic- 
ing factors necessary for the assembly and activ- 
ity of the spliceosome (17, 18, 20), would have a 
wide-ranging impact on parasite viability. In sup- 
port of this notion is the finding that PfCLK3 
inhibition down-regulated more than 400 essen- 
tial parasite transcripts. Interestingly, the major- 
ity of down-regulated transcripts are from genes 
that contain introns (91%), providing further 
evidence that PfCLK3 is involved in RNA splicing 
and that disruption of this essential process at 
multiple life-cycle stages is the likely mechanism 
by which inhibitors of Pf(CLK3 have parasiticidal 
activity. 

The similarity of CLK3 orthologs in Plasmodium 
spp. suggests that inhibitors might also have ac- 
tivity across a number of Plasmodium species. 
This was confirmed here by almost equipotent in- 
hibition of the kinase activity of PUCLK3, PbCLK3, 
and PfCLK3 by TCMDC-135051. This in vitro ac- 
tion was mirrored by ex vivo activity in P. berghei 
and P. falciparum but also in P. knowlesi (a 
model for P. vivax), indicating that inhibition 
of Plasmodium CLK might have cross-species 
activity. This, coupled to the reduction in trans- 
mission after Pf(CLK3 inhibition, points to PfCLK3 
satisfying many of the criteria set by MMV fora 
suitable target for next-generation antimalarials— 
namely, a target that can deliver rapid, multistage 
parasite killing across multiple species with action 
as a transmission blocker (36). 

One of the major barriers associated with the 
development of protein kinase inhibitors is the 
issue of selectivity, because the ATP binding 
pocket, to which the majority of protein kinase 
inhibitors bind, is very similar between protein 
kinases (37). Here, TCMDC-135051 showed sur- 
prising selectivity toward PfCLK3 even when 
compared to its paralog in P. falciparum PfCLK1 
and its human ortholog (PRPF4B) and the closely 
related human kinase CLK2. Furthermore, our 
transcriptional studies revealed very few off- 
target events, and adaptive resistance and che- 
mogenetic resistance were associated with single 
point mutations in PfCLK3; these findings indi- 
cate that the selectivity of TCMDC-135051 for 
PfCLK3 observed in vitro was maintained in 
the parasite. The fact that a hit from a library 
screen can show such selectivity against human 
and parasite kinases provides encouragement 
that PfCLK3-selective inhibitors can be gen- 
erated that might provide therapeutic efficacy 
with low off-target toxicity. 

Lipid kinases such as phosphatidylinositol 
4-kinase are considered promising targets (38) 


Alam et al., Science 365, eaaul1682 (2019) 


in malaria, and there is abundant evidence that 
phosphorylation and phosphosignaling are cru- 
cial for the viability of both asexual and sexual 
stages of the malaria parasite (5, 8, 10, 11). Es- 
sential parasite protein kinase targets have been 
identified (8, 17), and academic and industrial 
laboratories have gained much experience in the 
design of protein kinase inhibitor drugs (74, 37). 
But despite these developments, the targeting of 
parasite protein kinases in antimalarial drug de- 
velopment is only in its infancy (6, 39). By focus- 
ing on an essential parasite kinase and taking 
advantage of high-throughput phenotypic screens 
of commercial and academic libraries (27, 40, 42) 
as a starting point to screen for inhibitors, we 
have identified a probe molecule that has not 
only established the validity of P/CLK3 as a target 
in malaria but also determined that this protein 
kinase is susceptible to selective pharmacological 
inhibition by small drug-like molecules. In this 
way, our study lends weight to the argument that 
targeting the essential parasite protein kinases 
identified through global genomic studies might 
be a valid therapeutic strategy in the develop- 
ment of molecules that meet many of the criteria 
set for the next generation of antimalarial drugs. 


Methods summary 


See supplementary materials for details. 


High-throughput screening 


Compounds were tested in single shot at 10 uM, 
or in dose response from 100 uM (11-point, 3-fold 
serial dilutions). Screening was performed in 
1536-well plates, with final reaction and read-out 
volumes of 4 ul and 6 ul, respectively. The results 
from the high-throughput screening were fur- 
ther analyzed using Activity Base (ID Business 
Solutions Ltd., Surrey, UK). For each test com- 
pound, percent inhibition was plotted against 
compound concentration. 


Evolution of compound-resistant lines 
and whole-genome sequencing 


The P. falciparum Dd2 strain was cultured in 
triplicate in the presence of increasing concen- 
trations of TCMDC-135051 to generate resistant 
mutants as described (42). After approximately 
60 days of selection, parasites were cloned in 
96-well plates by limiting dilution (43). The half- 
maximal (50%) inhibitory concentration was 
determined in dose-response format using a 
SYBR Green-I-based cell proliferation assay as 
described (41). To determine genetic variants 
that arose during selection, genomic DNA was 
sequenced on an Illumina Mi-seq and single- 
nucleotide variants were detected using the 
Genome Analysis Toolkit (GATK v1.6). 


Generation of G449 mutant parasite 


A fragment of the PfCLK3 gene containing part of 
exon2, exon 3, exon 4, and part of exon 5 (1143 
bp), corresponding to 655 to 1797 bp in clk3 
genomic sequence, was amplified using primer 
CLK3-HR1 and CLK3-HR2 and the amplified 
product named as PfCLK3. The homologous 
region (CLK3-HR) was cloned in pHH1-derived 
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vector using restriction sites Hpal and BglII. The 
rest of the clk3 gene sequence downstream of 
CLK3-HR, corresponding to 1798 to 3152 bp of 
the PfClk3 genomic sequence, was modified by 
removing introns and the stop codon, and the 
coding sequence was optimized for E. coli codon 
usage to make it dissimilar to Pfclk3 genomic 
sequence. This fragment of gene, which we 
named as PfCLK3-codon optimized (CLK3-CO), 
was commercially synthesized and included BglII 
recognition site at 5’ and XhoI recognition site at 
3’. CLK3-CO was cloned downstream of CLK3- 
HR region in the parent plasmid using BglII and 
Xhol restriction sites in such a way that the triple 
HA tag sequence in the parent plasmid remained 
in frame with the PfClk3 sequence. The BglII re- 
striction site that was artificially introduced for 
cloning purpose was mutated back to original 
PfCLK3 coding sequence by site-directed muta- 
genesis using CLK3-BglII-KN1 and CLK3-BglII- 
KN2 primers. Site-directed mutagenesis was used 
again to mutate Gly in Pf/CLK3 at position 449 to 
Ala. The targeting vector generated was used for 
transfection of schizont-stage parasites. 
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Superhuman AI for multiplayer poker 


Noam Brown’?* and Tuomas Sandholm??**>* 


In recent years there have been great strides in artificial intelligence (Al), with games often 
serving as challenge problems, benchmarks, and milestones for progress. Poker has served for 
decades as such a challenge problem. Past successes in such benchmarks, including poker, 
have been limited to two-player games. However, poker in particular is traditionally played 
with more than two players. Multiplayer games present fundamental additional issues 
beyond those in two-player games, and multiplayer poker is a recognized Al milestone. In 
this paper we present Pluribus, an Al that we show is stronger than top human professionals 
in six-player no-limit Texas hold’em poker, the most popular form of poker played by humans. 


oker has served as a challenge problem 

for the fields of artificial intelligence (AI) 

and game theory for decades (7). In fact, 

the foundational papers on game theory 

used poker to illustrate their concepts 
(2, 3). The reason for this choice is simple: No 
other popular recreational game captures the 
challenges of hidden information as effectively 
and as elegantly as poker. Although poker has 
been useful as a benchmark for new AI and 
game-theoretic techniques, the challenge of 
hidden information in strategic settings is not 
limited to recreational games. The equilibrium 
concepts of von Neumann and Nash have been 
applied to many real-world challenges such as 
auctions, cybersecurity, and pricing. 

The past two decades have witnessed rapid 
progress in the ability of AI systems to play in- 
creasingly complex forms of poker (4-6). How- 
ever, all prior breakthroughs have been limited 
to settings involving only two players. Develop- 
ing a superhuman AI for multiplayer poker was 
the widely recognized main remaining milestone. 
In this paper we describe Pluribus, an AI capa- 
ble of defeating elite human professionals in six- 
player no-limit Texas hold’em poker, the most 
commonly played poker format in the world. 


Theoretical and practical challenges of 
multiplayer games 


AI systems have reached superhuman perform- 
ance in games such as checkers (7), chess (8), 
two-player limit poker (4), Go (9), and two- 
player no-limit poker (6). All of these involve 
only two players and are zero-sum games (mean- 
ing that whatever one player wins, the other 
player loses). Every one of those superhuman AI 
systems was generated by attempting to approx- 
imate a Nash equilibrium strategy rather than 
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by, for example, trying to detect and exploit 
weaknesses in the opponent. A Nash equilib- 
rium is a list of strategies, one for each player, 
in which no player can improve by deviating to 
a different strategy. Nash equilibria have been 
proven to exist in all finite games—and many 
infinite games—though finding an equilibrium 
may be difficult. 

Two-player zero-sum games are a special class 
of games in which Nash equilibria also have an 
extremely useful additional property: Any player 
who chooses to use a Nash equilibrium is guar- 
anteed to not lose in expectation no matter what 
the opponent does (as long as one side does 
not have an intrinsic advantage under the game 
rules, or the players alternate sides). In other 
words, a Nash equilibrium strategy is unbeat- 
able in two-player zero-sum games that satisfy 
the above criteria. For this reason, to “solve” 
a two-player zero-sum game means to find an 


exact Nash equilibrium. For example, the Nash 
equilibrium strategy for Rock-Paper-Scissors is 
to randomly pick Rock, Paper, or Scissors with 
equal probability. Against such a strategy, the 
best that an opponent can do in expectation is 
tie (10). In this simple case, playing the Nash 
equilibrium also guarantees that the player 
will not win in expectation. However, in more 
complex games, even determining how to tie 
against a Nash equilibrium may be difficult; if 
the opponent ever chooses suboptimal actions, 
then playing the Nash equilibrium will indeed 
result in victory in expectation. 

In principle, playing the Nash equilibrium can 
be combined with opponent exploitation by ini- 
tially playing the equilibrium strategy and then 
over time shifting to a strategy that exploits the 
opponent's observed weaknesses (for example, 
by switching to always playing Paper against an 
opponent that always plays Rock) (11). However, 
except in certain restricted ways (12), shifting to 
an exploitative nonequilibrium strategy opens 
oneself up to exploitation because the opponent 
could also change strategies at any moment. 
Additionally, existing techniques for opponent 
exploitation require too many samples to be com- 
petitive with human ability outside of small games. 
Pluribus plays a fixed strategy that does not adapt 
to the observed tendencies of the opponents. 

Although a Nash equilibrium strategy is guar- 
anteed to exist in any finite game, efficient al- 
gorithms for finding one are only proven to 
exist for special classes of games, among which 
two-player zero-sum games are the most prom- 
inent. No polynomial-time algorithm is known 
for finding a Nash equilibrium in two-player 
non-zero-sum games, and the existence of one 
would have sweeping surprising implications in 
computational complexity theory (13, 14). Finding 
a Nash equilibrium in zero-sum games with 
three or more players is at least as hard (because 
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Fig. 1. An example of the equilibrium selection problem. In the Lemonade Stand Game, players 
simultaneously choose a point on a ring and want to be as far away as possible from any other 
player. In every Nash equilibrium, players are spaced uniformly around the ring. There are infinitely 
many such Nash equilibria. However, if each player independently chooses one Nash equilibrium to 
play, their joint strategy is unlikely to be a Nash equilibrium. (Left) An illustration of three different 
Nash equilibria in this game, distinguished by three different colors. (Right) Each player 
independently chooses one Nash equilibrium. Their joint strategy is not a Nash equilibrium. 
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a dummy player can be added to the two-player 
game to make it a three-player zero-sum game). 
Even approximating a Nash equilibrium is hard 
(except in special cases) in theory (15), and in 
games with more than two players, even the best 
complete algorithm can only address games with 
a handful of possible strategies per player (16). 
Moreover, even if a Nash equilibrium could be 
computed efficiently in a game with more than 
two players, it is not clear that playing such an 
equilibrium strategy would be wise. If each 
player in such a game independently computes 
and plays a Nash equilibrium, the list of strat- 
egies that they play (one strategy per player) 
may not be a Nash equilibrium and players 
might have an incentive to deviate to a different 
strategy. One example of this is the Lemonade 
Stand Game (17), illustrated in Fig. 1, in which 
each player simultaneously picks a point on a 
ring and wants to be as far away as possible 
from any other player. The Nash equilibrium is 
for all players to be spaced uniformly along the 
ring, but there are infinitely many ways this can 
be accomplished and therefore infinitely many 
Nash equilibria. If each player independently 
computes one of those equilibria, the joint strat- 
egy is unlikely to result in all players being 
spaced uniformly along the ring. Two-player 
zero-sum games are a Special case where even 
if the players independently compute and select 
Nash equilibria, the list of strategies is still a 
Nash equilibrium. 

The shortcomings of Nash equilibria outside 
of two-player zero-sum games, and the failure 
of any other game-theoretic solution concept to 
convincingly overcome them, have raised the 
question of what the right goal should even be 
in such games. In the case of six-player poker, 
we take the viewpoint that our goal should not 
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Fig. 2. A game tree traversal via Monte Carlo CFR. In this figure, 
player P; is traversing the game tree. (Left) A game is simulated 
until an outcome is reached. (Middle) For each P; decision point 
encountered in the simulation in the left panel, P; explores 

each other action that P; could have taken and plays out a simulation 
to the end of the game. P; then updates its strategy to pick actions 
with higher payoff with higher probability. (Right) P; explores each 
other action that P; could have taken at every new decision point 
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be a specific game-theoretic solution concept 
but rather to create an AI that empirically 
consistently defeats human opponents, includ- 
ing elite human professionals. 

The algorithms that we used to construct 
Pluribus, discussed in the next two sections, 
are not guaranteed to converge to a Nash equi- 
librium outside of two-player zero-sum games. 
Nevertheless, we observe that Pluribus plays a 
strong strategy in multiplayer poker that is 
capable of consistently defeating elite human 
professionals. This shows that even though the 
techniques do not have known strong theoret- 
ical guarantees on performance outside of the 
two-player zero-sum setting, they are nevertheless 
capable of producing superhuman strategies in 
a wider class of strategic settings. 


Description of Pluribus 


The core of Pluribus’s strategy was computed 
through self-play, in which the AI plays against 
copies of itself, without any data of human or 
prior AI play used as input. The AI starts from 
scratch by playing randomly and gradually im- 
proves as it determines which actions, and which 
probability distribution over those actions, lead 
to better outcomes against earlier versions of its 
strategy. Forms of self-play have previously been 
used to generate powerful Als in two-player zero- 
sum games such as backgammon (18), Go (9, 19), 
Dota 2 (20), StarCraft 2 (21), and two-player 
poker (4-6), though the precise algorithms that 
were used have varied widely. Although it is 
easy to construct toy games with more than two 
players in which commonly used self-play algo- 
rithms fail to converge to a meaningful solution 
(22), in practice self-play has nevertheless been 
shown to do reasonably well in some games 
with more than two players (23). 
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Pluribus’s self-play produces a strategy for the 
entire game offline, which we refer to as the 
blueprint strategy. Then during actual play against 
opponents, Pluribus improves upon the blueprint 
strategy by searching for a better strategy in real 
time for the situations in which it finds itself 
during the game. In subsections below, we dis- 
cuss both of those phases in detail, but first we 
discuss abstraction, forms of which are used in 
both phases to make them scalable. 


Abstraction for large imperfect- 
information games 


There are far too many decision points in no-limit 
Texas hold’em to reason about individually. To 
reduce the complexity of the game, we eliminate 
some actions from consideration and also bucket 
similar decision points together in a process called 
abstraction (24, 25). After abstraction, the bucketed 
decision points are treated as identical. We use 
two kinds of abstraction in Pluribus: action abstrac- 
tion and information abstraction. 

Action abstraction reduces the number of dif- 
ferent actions the AI needs to consider. No-limit 
Texas hold’em normally allows any whole-dollar 
bet between $100 and $10,000. However, in 
practice there is little difference between betting 
$200 and betting $201. To reduce the complexity 
of forming a strategy, Pluribus only considers 
a few different bet sizes at any given decision 
point. The exact number of bets it considers 
varies between 1 and 14 depending on the sit- 
uation. Although Pluribus can limit itself to only 
betting one of a few different sizes between 
$100 and $10,000, when actually playing no-limit 
poker, the opponents are not constrained to those 
few options. What happens if an opponent bets 
$150 while Pluribus has only been trained to con- 
sider bets of $100 or $200? Generally, Pluribus 
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encountered in the middle panel, and P; updates its strategy at those 
hypothetical decision points. This process repeats until no new P; 
decision points are encountered, which in this case is after three 
steps but in general may be more. Our implementation of MCCFR 
(described in the supplementary materials) is equivalent but traverses 
the game tree in a depth-first manner. (The percentages in the figure 
are for illustration purposes only and may not correspond to actual 
percentages that the algorithm would compute.) 
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will rely on its search algorithm (described in a 
later section) to compute a response in real time 
to such “off-tree” actions. 

The other form of abstraction that we use in 
Pluribus is information abstraction, in which 
decision points that are similar in terms of what 
information has been revealed (in poker, the 
player’s cards and revealed board cards) are 
bucketed together and treated identically (26-28). 
For example, a 10-high straight and a 9-high 
straight are distinct hands but are nevertheless 
strategically similar. Pluribus may bucket these 
hands together and treat them identically, thereby 
reducing the number of distinct situations for 
which it needs to determine a strategy. Infor- 
mation abstraction drastically reduces the com- 
plexity of the game, but it may wash away subtle 
differences that are important for superhuman 
performance. Therefore, during actual play against 
humans, Pluribus uses information abstraction 
only to reason about situations on future betting 
rounds, never the betting round that it is actually 
in. Information abstraction is also applied during 
offline self-play. 


Self-play through improved Monte Carlo 
counterfactual regret minimization 


The blueprint strategy in Pluribus was computed 
using a variant of counterfactual regret minimi- 
zation (CFR) (29). CFR is an iterative self-play 


algorithm in which the AI starts by playing com- 
pletely at random but gradually improves by 
learning to beat earlier versions of itself. Every 
competitive Texas hold’em AI for at least the 
past 6 years has computed its strategy using 
some variant of CFR (4-6, 23, 28, 30-34). We 
use a form of Monte Carlo CFR (MCCFR) that 
samples actions in the game tree rather than 
traversing the entire game tree on each iteration 
(33, 35-37). 

On each iteration of the algorithm, MCCFR 
designates one player as the traverser whose 
current strategy is updated on the iteration. At 
the start of the iteration, MCCFR simulates a 
hand of poker based on the current strategy of 
all players (which is initially completely random). 
Once the simulated hand is completed, the AI 
reviews each decision that was made by the 
traverser and investigates how much better 
or worse it would have done by choosing the 
other available actions instead. Next, the AI 
reviews each hypothetical decision that would 
have been made following those other available 
actions and investigates how much better it 
would have done by choosing the other availa- 
ble actions, and so on. This traversal of the game 
tree is illustrated in Fig. 2. Exploring other hy- 
pothetical outcomes is possible because the AI 
knows each player’s strategy for the iteration 
and can therefore simulate what would have 


0 


Fig. 3. Perfect-information game search in Rock-Paper-Scissors. (Top) A sequential representation 
of Rock-Paper-Scissors in which player 1 acts first but does not reveal her action to player 2, who 
acts second. The dashed lines between the player 2 nodes signify that player 2 does not know 
which of those nodes he is in. The terminal values are shown only for player 1. (Bottom) A depiction 
of the depth-limited subgame if player 1 conducts search (with a depth of one) using the same 
approach as is used in perfect-information games. The approach assumes that after each action, 
player 2 will play according to the Nash equilibrium strategy of choosing Rock, Paper, and Scissors 
with 4 probability each. This results in a value of zero for player 1 regardless of her strategy. 
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happened had some other action been chosen 
instead. This counterfactual reasoning is one of 
the features that distinguishes CFR from other 
self-play algorithms that have been deployed 
in domains such as Go (9), Dota 2 (20), and 
StarCraft 2 (27). 

The difference between what the traverser 
would have received for choosing an action 
versus what the traverser actually achieved (in 
expectation) on the iteration is added to the 
counterfactual regret for the action. Counter- 
factual regret represents how much the tra- 
verser regrets having not chosen that action 
in previous iterations. At the end of the iter- 
ation, the traverser’s strategy is updated so that 
actions with higher counterfactual regret are 
chosen with higher probability. 

For two-player zero-sum games, CFR guar- 
antees that the average strategy played over all 
iterations converges to a Nash equilibrium, but 
convergence to a Nash equilibrium is not guar- 
anteed outside of two-player zero-sum games. 
Nevertheless, CFR guarantees in all finite games 
that all counterfactual regrets grow sublinearly 
in the number of iterations. This, in turn, guar- 
antees in the limit that the average performance 
of CFR on each iteration that was played matches 
the average performance of the best single fixed 
strategy in hindsight. CFR is also proven to elim- 
inate iteratively strictly dominated actions in all 
finite games (23). 

Because the difference between counterfactual 
value and expected value is added to counter- 
factual regret rather than replacing it, the first 
iteration in which the agent played completely 
randomly (which is typically a very bad strat- 
egy) still influences the counterfactual regrets, 
and therefore the strategy that is played, for 
iterations far into the future. In the original 
form of CFR, the influence of this first iter- 
ation decays at a rate of a where T is the number 
of iterations played. To more quickly decay the 
influence of these early “bad” iterations, Pluribus 
uses a recent form of CFR called Linear CFR 
(38) in early iterations. (We stop the discount- 
ing after that because the time cost of doing the 
multiplications with the discount factor is not 
worth the benefit later on.) Linear CFR assigns 
a weight of T to the regret contributions of 
iteration T. Therefore, the influence of the first 

she rear 
This leads to the strategy improving more quickly 
in practice while still maintaining a near-identical 
worst-case bound on total regret. To speed up 
the blueprint strategy computation even further, 
actions with extremely negative regret are not 
explored in 95% of iterations. 

The blueprint strategy for Pluribus was com- 
puted in 8 days on a 64-core server for a total 
of 12,400 CPU core hours. It required less than 
512 GB of memory. At current cloud computing 
spot instance rates, this would cost about $144 
to produce. This is in sharp contrast to all the 
other recent superhuman AI milestones for games, 
which used large numbers of servers and/or farms 
of graphics processing units (GPUs). More memory 


iteration decays at a rate of 
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Subgame Root 
Nodes 


Terminal 
Node 


Fig. 4. Real-time search in Pluribus. The subgame shows just two players 
for simplicity. A dashed line between nodes indicates that the player to 
act does not know which of the two nodes she is in. (Left) The original 
imperfect-information subgame. (Right) The transformed subgame that is 
searched in real time to determine a player's strategy. An initial chance 
node reaches each root node according to the normalized probability that 
the node is reached in the previously computed strategy profile (or 
according to the blueprint strategy profile if this is the first time in the hand 


and computation would enable a finer-grained 
blueprint that would lead to better performance 
but would also result in Pluribus using more 
memory or being slower during real-time search. 
We set the size of the blueprint strategy abstrac- 
tion to allow Pluribus to run during live play on a 
machine with no more than 128 GB of memory 
while storing a compressed form of the blueprint 
strategy in memory. 


Depth-limited search in 
imperfect-information games 


The blueprint strategy for the entire game is 
necessarily coarse-grained owing to the size and 
complexity of no-limit Texas hold’em. Pluribus 
only plays according to this blueprint strategy 
in the first betting round (of four), where the 
number of decision points is small enough that 
the blueprint strategy can afford to not use in- 
formation abstraction and have a lot of actions 
in the action abstraction. After the first round 
(and even in the first round if an opponent 
chooses a bet size that is sufficiently different 
from the sizes in the blueprint action abstrac- 
tion), Pluribus instead conducts real-time search 
to determine a better, finer-grained strategy 
for the current situation it is in. For opponent 
bets on the first round that are slightly off the 
tree, Pluribus rounds the bet to a nearby on- 
tree size [using the pseudoharmonic mapping 
(39)] and proceeds to play according to the 
blueprint as if the opponent had used the latter 
bet size. 

Real-time search has been necessary for 
achieving superhuman performance in many 
perfect-information games, including backgam- 
mon (J8), chess (8), and Go (9, 19). For example, 
when determining their next move, chess AIs 
commonly look some number of moves ahead 
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P1 choice of 
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until a leaf node is reached at the depth limit of 
the algorithm’s lookahead. An evaluation func- 
tion then estimates the value of the board con- 
figuration at the leaf node if both players were 
to play a Nash equilibrium from that point 
forward. In principle, if an AI could accurately 
calculate the value of every leaf node (e.g., win, 
draw, or loss), this algorithm would choose the 
optimal next move. 

However, search as has been done in perfect- 
information games is fundamentally broken 
when applied to imperfect-information games. 
For example, consider a sequential form of Rock- 
Paper-Scissors, illustrated in Fig. 3, in which 
player 1 acts first but does not reveal her action to 
player 2, followed by player 2 acting. If player 
1were to conduct search that looks just one move 
ahead, every one of her actions would appear to 
lead to a leaf node with zero value. After all, if 
player 2 plays the Nash equilibrium strategy of 
choosing each action with 3 probability, the 
value to player 1 of choosing Rock is zero, as 
is the value of choosing Scissors. So player 1’s 
search algorithm could choose to always play 
Rock because, given the values of the leaf nodes, 
this appears to be equally good as any other 
strategy. 

Indeed, if player 2’s strategy were fixed to al- 
ways playing the Nash equilibrium, always play- 
ing Rock would be an optimal player 1 strategy. 
However, in reality, player 2 could adjust to a 
strategy of always playing Paper. In that case, 
the value of always playing Rock would actual- 
ly be —1. 

This example illustrates that in imperfect- 
information subgames (the part of the game 
in which search is being conducted) (40), leaf 
nodes do not have fixed values. Instead, their 
values depend on the strategy that the searcher 
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that real-time search is conducted). The leaf nodes are replaced by a 
sequence of new nodes in which each player still in the hand chooses 
among k actions, with no player first observing what another player 
chooses. For simplicity, k = 2 in the figure. In Pluribus, k = 4. Each action in 
that sequence corresponds to a selection of a continuation strategy for that 
player for the remainder of the game. This effectively leads to a terminal 
node (whose value is estimated by rolling out the remainder of the game 
according to the list of continuation strategies that the players chose). 


chooses in the subgame (that is, the probabilities 
that the searcher assigns to his actions in the 
subgame). In principle, this could be addressed 
by having the value of a subgame leaf node be 
a function of the searcher’s strategy in the sub- 
game, but this is impractical in large games. 
One alternative is to make the value of a leaf 
node conditional only on the belief distribu- 
tion of both players at that point in the game. 
This was used to generate the two-player poker 
AI DeepStack (5). However, this option is ex- 
tremely expensive because it requires one to 
solve huge numbers of subgames that are con- 
ditional on beliefs. It becomes even more ex- 
pensive as the amount of hidden information 
or the number of players grows. The two-player 
poker AI Libratus sidestepped this issue by only 
doing real-time search when the remaining game 
was short enough that the depth limit would ex- 
tend to the end of the game (6). However, as the 
number of players grows, always solving to the 
end of the game also becomes computationally 
prohibitive. 

Pluribus instead uses a modified form of an 
approach that we recently designed—previously 
only for two-player zero-sum games (4/)—in 
which the searcher explicitly considers that 
any or all players may shift to different strat- 
egies beyond the leaf nodes of a subgame. Spe- 
cifically, rather than assuming that all players 
play according to a single fixed strategy beyond 
the leaf nodes (which results in the leaf nodes 
having a single fixed value), we instead assume 
that each player may choose between k differ- 
ent strategies, specialized to each player, to 
play for the remainder of the game when a 
leaf node is reached. In the experiments in this 
paper, #=4. One of the four continuation 
strategies that we use in the experiments is the 
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Fig. 5. Performance of Pluribus in the 5 humans + 1 Al experiment. The dots show Pluribus's 
performance at the end of each day of play. (Top) The lines show the win rate (solid line) plus or 
minus the standard error (dashed lines). (Bottom) The lines show the cumulative number of mbbs 
won (solid line) plus or minus the standard error (dashed lines). The relatively steady performance of 
Pluribus over the course of the 10,000-hand experiment also suggests that the humans were unable 


to find exploitable weaknesses in the bot. 


precomputed blueprint strategy; another is a 
modified form of the blueprint strategy in which 
the strategy is biased toward folding; another 
is the blueprint strategy biased toward call- 
ing; and the final option is the blueprint strat- 
egy biased toward raising. This technique results 
in the searcher finding a strategy that is more 
balanced because choosing an unbalanced strat- 
egy (e.g., always playing Rock in Rock-Paper- 
Scissors) would be punished by an opponent 
shifting to one of the other continuation strat- 
egies (e.g., always playing Paper). 

Another major challenge of search in imperfect- 
information games is that a player’s optimal 
strategy for a particular situation depends on 
what the player’s strategy is for every situation 
the player could be in from the perspective of 
her opponents. For example, suppose the player 
is holding the best possible hand. Betting in this 
situation could be a good action. But if the 
player bets in this situation only when hold- 
ing the best possible hand, then the opponents 
would know that they should always fold in 
response. 
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To cope with this challenge, Pluribus keeps 
track of the probability it would have reached 
the current situation with each possible hand 
according to its strategy. Regardless of which 
hand Pluribus is actually holding, it will first 
calculate how it would act with every possible 
hand, being careful to balance its strategy across 
all the hands so as to remain unpredictable to 
the opponent. Once this balanced strategy across 
all hands is computed, Pluribus then executes 
an action for the hand it is actually holding. 
The structure of a depth-limited imperfect- 
information subgame as used in Pluribus is 
shown in Fig. 4. 

Pluribus used one of two different forms of 
CFR to compute a strategy in the subgame, 
depending on the size of the subgame and the 
part of the game. If the subgame is relatively 
large or it is early in the game, then Monte 
Carlo Linear CFR is used just as it was for the 
blueprint strategy computation. Otherwise, 
Pluribus uses an optimized vector-based form 
of Linear CFR (38) that samples only chance 
events (such as board cards) (42). 
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When playing, Pluribus runs on two Intel 
Haswell E5-2695 v3 CPUs and uses less than 
128 GB of memory. For comparison, AlphaGo 
used 1920 CPUs and 280 GPUs for real-time 
search in its 2016 matches against top Go pro- 
fessional Lee Sedol (43), Deep Blue used 480 
custom-designed chips in its 1997 matches against 
top chess professional Garry Kasparov (8), and 
Libratus used 100 CPUs in its 2017 matches 
against top professionals in two-player poker 
(6). The amount of time that Pluribus takes to 
conduct search on a single subgame varies be- 
tween 1 and 33 s, depending on the particular 
situation. On average, Pluribus plays at a rate 
of 20 s per hand when playing against copies of 
itself in six-player poker. This is roughly twice 
as fast as professional humans tend to play. 


Experimental evaluation 


We evaluated Pluribus against elite human profes- 
sionals in two formats: five human professionals 
playing with one copy of Pluribus (5H+1AI), and 
one human professional playing with five copies 
of Pluribus (1H+5AI). Each human participant 
has won more than $1 million playing poker 
professionally. Performance was measured by 
using the standard metric in this field of AI, 
milli big blinds per game (mbb/game). This mea- 
sures how many big blinds (the initial money the 
second player must put into the pot) were won 
on average per thousand hands of poker. In all 
experiments, we used the variance-reduction 
technique AIVAT (44) to reduce the luck factor 
in the game (45) and measured statistical sig- 
nificance at the 95% confidence level using a 
one-tailed ¢ test to determine whether Pluribus 
is profitable. 

The human participants in the 5H+1AI 
experiment were Jimmy Chou, Seth Davies, 
Michael Gagliano, Anthony Gregg, Dong Kim, 
Jason Les, Linus Loeliger, Daniel McAulay, 
Greg Merson, Nicholas Petrangelo, Sean Ruane, 
Trevor Savage, and Jacob Toole. In this exper- 
iment, 10,000 hands of poker were played over 
12 days. Each day, five volunteers from the pool 
of professionals were selected to participate 
on the basis of availability. The participants 
were not told who else was participating in 
the experiment. Instead, each participant was 
assigned an alias that remained constant 
throughout the experiment. The alias of each 
player in each game was known, so that play- 
ers could track the tendencies of each player 
throughout the experiment. $50,000 was di- 
vided among the human participants on the 
basis of their performance to incentivize them 
to play their best. Each player was guaranteed 
a minimum of $0.40 per hand for partici- 
pating, but this could increase to as much as 
$1.60 per hand on the basis of performance. 
After applying AIVAT, Pluribus won an aver- 
age of 48 mbb/game (with a standard error of 
25 mbb/game). This is considered a very high 
win rate in six-player no-limit Texas hold’em 
poker, especially against a collection of elite 
professionals, and implies that Pluribus is 
stronger than the human opponents. Pluribus 
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was determined to be profitable with a p val- 
ue of 0.028. The performance of Pluribus over 
the course of the experiment is shown in Fig. 5. 
(Owing to the extremely high variance in no- 
limit poker and the impossibility of applying 
AIVAT to human players, the win rate of in- 
dividual human participants could not be de- 
termined with statistical significance.) 

The human participants in the 1H+5AI ex- 
periment were Chris “Jesus” Ferguson and 
Darren Elias. Each of the two humans sep- 
arately played 5000 hands of poker against 
five copies of Pluribus. Pluribus does not 
adapt its strategy to its opponents and does 
not know the identity of its opponents, so the 
copies of Pluribus could not intentionally col- 
lude against the human player. To incentivize 
strong play, we offered each human $2000 
for participation and an additional $2000 if 
he performed better against the AI than the 
other human player did. The players did not 
know who the other participant was and 
were not told how the other human was per- 
forming during the experiment. For the 10,000 
hands played, Pluribus beat the humans by an 
average of 32 mbb/game (with a standard error 
of 15 mbb/game). Pluribus was determined to 
be profitable with a p value of 0.014. (Darren 
Elias was behind Pluribus by 40 mbb/game 
with a standard error of 22 mbb/game and a 
p value of 0.033, and Chris Ferguson was 
behind Pluribus by 25 mbb/game with a stan- 
dard error of 20 mbb/game and a p value of 
0.107. Ferguson’s lower loss rate may be a 
consequence of variance, skill, and/or his 
use of a more conservative strategy that was 
biased toward folding in unfamiliar difficult 
situations.) 

Because Pluribus’s strategy was determined 
entirely from self-play without any human data, 
it also provides an outside perspective on what 
optimal play should look like in multiplayer no- 
limit Texas hold’em. Pluribus confirms the con- 
ventional human wisdom that limping (calling 
the “big blind” rather than folding or raising) 
is suboptimal for any player except the “small 
blind” player who already has half the big 
blind in the pot by the rules, and thus has to 
invest only half as much as the other players to 
call. Although Pluribus initially experimented 
with limping when computing its blueprint strat- 
egy offline through self-play, it gradually dis- 
carded this action from its strategy as self-play 
continued. However, Pluribus disagrees with 
the folk wisdom that “donk betting” (starting a 
round by betting when one ended the previous 
betting round with a call) is a mistake; Pluribus 
does this far more often than professional hu- 
mans do. 


Conclusions 


Forms of self-play combined with forms of search 
have led to a number of high-profile successes in 
perfect-information two-player zero-sum games. 
However, most real-world strategic interactions 
involve hidden information and more than two 
players. This makes the problem very different 


Brown et al., Science 365, 885-890 (2019) 


and considerably more difficult both theoret- 
ically and practically. Developing a superhuman 
AI for multiplayer poker was a widely recog- 
nized milestone in this area and the major 
remaining milestone in computer poker. In 
this paper we described Pluribus, an AI ca- 
pable of defeating elite human professionals 
in six-player no-limit Texas hold’em poker, the 
most commonly played poker format in the world. 
Pluribus’s success shows that despite the lack 
of known strong theoretical guarantees on 
performance in multiplayer games, there are 
large-scale, complex multiplayer imperfect- 
information settings in which a carefully con- 
structed self-play-with-search algorithm can 
produce superhuman strategies. 
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Late Upper Paleolithic occupation 
at Cooper’s Ferry, Idaho, USA, 


~16,000 years ago 
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Radiocarbon dating of the earliest occupational phases at the Cooper’s Ferry site in 
western Idaho indicates that people repeatedly occupied the Columbia River basin, 
starting between 16,560 and 15,280 calibrated years before the present (cal yr B.P.). 
Artifacts from these early occupations indicate the use of unfluted stemmed 
projectile point technologies before the appearance of the Clovis Paleoindian tradition 
and support early cultural connections with northeastern Asian Upper Paleolithic 
archaeological traditions. The Cooper’s Ferry site was initially occupied during a time 
that predates the opening of an ice-free corridor (<14,800 cal yr B.P.), which 

supports the hypothesis that initial human migration into the Americas occurred 


via a Pacific coastal route. 


rchaeological evidence predating the ap- 
pearance of the Clovis Paleoindian tradi- 
tion (CPT) (J) in the Americas by ~13,250 
calibrated years before the present (cal yr 
B.P.) (2) is found at a small number of re- 
liably dated sites (3-13) (fig. S1). These sites 
share technological attributes similar to Late 
Upper Paleolithic (LUP) sites in northeastern 
Asia, including flake- and blade-based stone 
tool traditions, use of informal lithic tools, lack 
of fluted bifacial technology, and use of stemmed 
and lanceolate projectile points (13-15). We pre- 
sent data from the Cooper’s Ferry site in western 
Idaho (Fig. 1) that extend the timing of human 
populations south of Late Wisconsinan ice sheets 


Fig. 1. Location map for the Cooper’s 
Ferry site. Projected regional environmental 
aspects at ~16,000 cal yr B.P. are based 

on modeled extents of Cordilleran and 
Laurentide glacial ice (41), Cascade and 
Salmon River mountain glaciers (SRMG), 
Pinedale glaciation extents, positions of 
Glacial Lake Missoula (GLM) and Glacial 
Lake Columbia (GLC) (41), the modeled 
path of the Missoula Flood (MF) and its 
impoundment pool (42), smaller northern 
Great Basin pluvial lakes (43), and shoreline 
extents along the Pacific outer continental 
shelf (Shown as a tan dotted area at left) (44). 
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to ~16,000 cal yr B.P. We describe results of ex- 
cavation and analyses of stone tools and lithic 
tool production debris, remains from food pro- 
cessing, and multiple cultural features within 
buried stratigraphic contexts [lithostratigraphic 
unit 3 (LU3) to LU5] dated using accelerator 
mass spectrometry (AMS) radiocarbon and lu- 
minescence dating methods (16). 


Background and setting 


The Cooper’s Ferry site is located within an al- 
luvial terrace at the confluence of Rock Creek 
and the lower Salmon River of western Idaho 
(fig. $2). The Niimiipuu (the Nez Perce Tribe) 
refer to this place as an ancient village site 


-Cordilleran Ice Sheet | - oN Laurentide | | 
oie ee ate E been it : 1 Ice Sheet 
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42°N 
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named Nipéhe (17, 18). Davis led excavation of a 
2 m-by-2 m unit (unit A) in 1997 that uncovered 
a Western Stemmed tradition (WST) equipment 
cache associated with radiocarbon ages of 11,370 + 
40 yr B.P. (Beta-114949; 13,300 to 13,115 cal yr 
B.P.) and 11,410 + 120 yr B.P. (TO-7349; 13,475 
to 13,060 cal yr B.P.) (19, 20). From 2009 to 2018, 
Davis led more-extensive excavations of two blocks 
measuring 7 m by 13 m (area A) and 12 m by 12 m 
(area B) (figs. S3 and S4). Here, we focus discussion 
on the area A record. 


Stratigraphy 


The stratigraphy of area A includes nine LUs 
and two pedostratigraphic units (table S1 and 
fig. S5) (19). The earliest radiocarbon samples 
and archaeological materials, which we report 
here, come from LU3 and LU2. A paleosol, called 
the Rock Creek Soil, is associated with LU3 and 
includes a rubified A horizon, calcic B horizon, 
and loessal C horizon. LU3 is an aeolian loess 
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and overlies LU2 and LU1 alluvium. For the 
purposes of this Report we focus on LU3 to 
LUI (Fig. 2). Description of stratigraphic and 
dating methods and additional details about 
the geoarchaeological context of younger site 
deposits are provided in the supplementary 
materials (16). 


Geochronology 


The Cooper’s Ferry site radiocarbon chronology 
for LU5 to LU3 is based on 21 ages from char- 
coal and bone samples recovered in situ outside 
of cultural pit features (Table 1). AMS dating 
indicates that LU5 dates from ~9250 to 9000 cal 


yr B.P., LU4 dates from ~11,930 to 10,410 cal yr 
B.P., and LU3 dates between ~15,660 and 13,260 cal 
yr B.P. Optically stimulated luminescence (OSL) 
analysis of potassium feldspar grains sampled 
from LU5, LU4, and upper LU3 sediments dated to 
12,170 + 2320 years ago (+1 SD), 12,730 + 2400 years 
ago, and 13,710 + 2620 years ago, respectively 
(Fig. 2 and table S2). Except for dates obtained 
from within-pit features, all other radiocarbon 
and OSL measurements (7 = 25) were incorpo- 
rated into a Bayesian age model (Fig. 3). Within 
the general outlier model, OxA-38106, OxA-38050, 
OxA-38104, OxA-X-2792-42, and D-AMS 029851 
were identified as outliers (>60% probability), 


most likely due to bioturbation (J6). The outliers 
are down-weighted in the model and, in gen- 
eral, the sequence shows good age-depth con- 
gruence. Modeled output places the start of LU3 
at 16,560 to 15,280 cal yr B.P. (95.4% confidence) 
and LU4 at 12,740 to 11,440 cal yr B.P. (95.4% 
confidence), and all dated events span 6140 to 
10,120 years (95.4% confidence). 


Archaeological evidence originating 
within LU3 


We uncovered and mapped 189 lithic artifacts in 
situ within LU3, including 161 pieces of debitage, 
27 stone tools, and 1 piece of fire-cracked rock 


Table 1. Accelerator mass spectrometry chronometric data. RN is the reading number. The percent collagen is the yield of extracted collagen as a 
function of the starting weight of bone samples. C:N is the atomic weight ratio of carbon to nitrogen. %C is the percentage of carbon in the combusted 
sample. Stable isotope ratios of C and N are expressed in per mil (%o) relative to Vienna Pee Dee belemnite and ambient inhalable reservoir. The calibrations 
were done using the OxCal 4.3 software (46) and the IntCall3 calibration curve (47). Missing chronometric data (*) are due to a lack in reporting or 
measurement on behalf of the laboratories. Cl, confidence interval; —, not determined. 
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(FCR), and also 86 faunal bone fragments and 
1river mussel shell fragment (Fig. 2 and tables $3 
and S4). Most bone fragments lack clear ana- 
tomical features but likely represent medium- to 
large-bodied mammals. Stone tools include basal 
fragments of 2 stemmed projectile points (Fig. 4, 
A to C), 4 biface fragments (Fig. 4, D to F and H), 
2 blades (Fig. 4, G and I), and 19 modified flake 
tools (Fig. 4 and fig. S6). Stemmed point base 73- 
60685 (Fig. 4A) lay below OxA-X-2792-45 (13,610 
to 13,275 cal yr B.P.) and above OSL sample CFA- 
017 (13,710 + 2620 years ago). Stemmed point base 
73-42800 (Fig. 4B) lay below TO-7349 (13,475- 
13,060 cal yr B.P.) and above OxA-X-2792-45 
(13,610 to 13,275 cal yr B.P.; OxA-38104 is an 
outlier and thus excluded from this discussion). 

In addition to these in situ finds, we iden- 
tified four features originating within LU3. Fea- 
tures 142 and 144 (F142 and F144) were pits that 
originated at ~411.72 meters above sea level 
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Elevation 
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(masl), stratigraphically below OxA-X-2792-45 
(13,610 to 13,275 cal yr B.P.). Whereas F142 was 
relatively shallow, F144 extended downward 
to the top of LUI and contained two pieces of 
debitage, one modified flake tool, and two bone 
fragments—one returning an AMS age of 11,720 + 
80 yr B.P. (OxA-38,197; 13,745 to 13,410 cal yr B.P.). 
F129, present from ~411.73 to 411.58 masl, was a 
concentration of darker charcoal-bearing sedi- 
ment within a small basin surrounded by a 2- to 
3-cm-thick layer containing oxidized and ashy 
sediment, charcoal, nine bone fragments, one 
modified flake tool, and five pieces of debitage. 
We interpret F129 as a hearth (fig. S8). Three 
charcoal fragments from F129 date to 12,348 + 
71 yr B.P. (D-AMS 029846; 14,785 to 14,075 cal yr 
B.P.), 12,472 + 61 yr B.P. (D-AMS 029847; 15,030 
to 14,250 cal yr B.P.), and 12,598 + 54 yr B.P. 
(D-AMS 029847; 15,195 to 14,670 cal yr B.P.), 
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elevation returned an AMS age of 12,363 + 49 yr 
B.P. (D-AMS 029848; 14,725 to 14,120 cal yr B.P.). 
F143 was a pit that originated at ~411.62 masl 
and extended down to ~411.39 masl (fig. S9). A 
biface fragment, 15 pieces of debitage, a fragment 
of tooth enamel interpreted as Equus sp. (fig. S10) 
(6), and 7 mammal bone fragments—probably 
including extinct horse—were found inside and 
immediately surrounding F143. We interpret 
F143 as a food processing station. F143 is dated 
by its stratigraphic position between the slightly 
higher F129, which dates between 15,000 and 
14,410 cal yr B.P. [95.4% confidence; 772) = 5.255 
(5%, 5.991)], and the lower stratigraphic position 
of three radiocarbon estimates of 12,475 + 60 yr 
B.P. (OxA-37,284; 15,035 to 14,260 cal yr B.P.), 
12,830 + 65 yr B.P. (OxA-X-2792-48; 15,575 to 
15,105 cal yr B.P.), and 13,070 + 80 yr B.P. (OxA- 
38,051; 15,945 to 15,335 cal yr B.P.). Given the 
slight westward downslope of LU3 stratigraphy, 


Fig. 2. Stratigraphic record of area 
A. (A) Chronostratigraphy along 
easting projection. (B) Cultural stra- 
tigraphy along easting projection. 

(C) Plan view of objects and features 
mapped in situ in LU3. ka, thousand 
years ago; PPT, projectile point; RYBP, 
radiocarbon years before present. 
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F129 and F143 probably occupied a contempora- 
neous surface. The LU3 deposit between 411.55 
masl and the lower contact with LU2 contained 
43 pieces of debitage, 20 bone fragments, and a 
piece of charcoal excavated in situ below the 
stratigraphic position of OxA-38,051 (15,945 to 
15,335 cal yr B.P.) (Fig. 2). These lower materials 
are objects discarded during repeated periods 
of human occupation at Cooper’s Ferry, which 
Bayesian modeling suggests began at 16,560 to 
15,280 cal yr B.P. (95.4% confidence) (Fig. 3). 
Debitage recovered in situ within LU3 is made 
primarily from local cryptocrystalline silicate 
(CCS) and secondarily from fine-grained igneous 
toolstone. Debitage analysis reveals early to late 
biface reduction based on the presence of medi- 
um to small bifacial percussion flakes and a 
smaller number of pressure flakes (tables S5 
and S6). Lithic tool maintenance is reflected 
by a CCS burination flake bearing an exhausted 
unifacial working edge (fig. S6U) and by an ig- 


neous toolstone chopper tool edge rejuvenation 


NGRIF' 5180. 


& 
a 


flake. Artifact 73-61176 (fig. S6V) is an early-stage 
bifacial overshot thinning flake discovered in 
situ at 411.455 masl with a finely faceted bifacial 
platform and distal termination that removed a 
square edge from an opposing tool margin. This 
debitage was found in situ below the stratigraphic 
position of the three oldest radiocarbon ages, 
dating 15,310 to 15,100 cal yr B.P. (95.4% confi- 
dence range). Overall, the quantities of prove- 
nienced lithic debitage, tools, cultural features, 
and bone and charcoal fragments increase from 
the surface of LU3 and peak at ~411.60 masl, 
reflecting the presence of intact buried archae- 
ological components (fig. S11). 


Archaeological evidence intersecting the 
surface of LU3 


Three pit features were excavated into the LU3 
surface, including pit feature A2 (PFA2), F134, 
and F135. Pit feature A2 originates from the sur- 
face of LU3, as evidenced by a gravel cairn that 
marks its top. It contains 4 WST projectile points, 
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Probability density 


16000 


Probability density 


12000 
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1 core, 1 hammerstone, 3 blades, 2 unifaces, 2 
modified flakes, 724 debitage pieces, and 65 bone 
fragments (19, 20) (figs. S12 and S13). F134 is a 
cylindrical pit defined at the surface of LU3 but 
lacking a clear upper surface. F134 intrudes 
down through LU2 and into LUI and contains 
131 debitage pieces, 15 FCR fragments, 1 modi- 
fied flake tool, 1 hammerstone, 1 cobble tool, 3 
biface fragments, 1 projectile point blade frag- 
ment, 34 bone fragments, and 3 wood charcoal 
fragments. F134 also contains six angular to 
subrounded boulder-sized clasts of fine-grained 
volcanic rock bearing evidence of percussive 
testing and multiple large flake removals (Fig. 2 
and fig. S14). F135 is another cylindrical pit that 
lacks a defining upper limit. F135 extends down- 
ward into the LUI and contains 1 fragmentary 
biface, 74 debitage pieces, 2 FCR fragments, 11 
bone fragments, and 15 wood charcoal frag- 
ments (Fig. 2 and fig. S15). Because F134 and 
F135 originate at or slightly above the LU3-LU4 
boundary, it is unclear whether they date to 


End hiatus/Start LU-4 
95.4% probability 
12740 (95.4%) 11440BP 


Modelled date (BP) 


Start LU-3 
95.4% probability 
16560 (95.4%) 15280BP 


Modelled date (BP) 


Fig. 3. Bayesian age model of Cooper’s Ferry, area A. OSL dates (e.g., CFAO17) are outlined in red. The output of the general outlier analysis is 
noted next to laboratory names for each date. The green vertical band represents the span of Greenland Interstadial 1 (GI-1; Balling-Allerad), 
whereas the yellow vertical band indicates Greenland Stadial 1 (GS-1; Younger Dryas). The modeled output estimates the start of LU3 at 

16,560 to 15,280 cal yr B.P. (95.4% confidence; prior to GI-1) and the start of LU4 to 12,740 to 11,440 cal yr B.P. (95.4% confidence; mainly during 


GS-1). NGRIP, North Greenland Ice Core Project. 
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Fig. 4. Lithic tools 
excavated in situ from 
LU3. (A) Stemmed 
projectile point 

haft fragment from LU3 
(73-60685; RN 56938). 
(B) Stemmed projectile 
point haft fragment from 
LU3 (73-42800; RN 
50948). (C) Blade frag- 
ment of projectile point 
from LU3 (73-62464; 
RN 59067). (D) Biface 
preform fragment 
(73-61085; RN 57401). 
(E) Biface preform 
fragment (73-63034; 
RN 59076). (F) Biface 
preform fragment 
(73-61870; RN 58316). 
(G) Macroblade 
(73-62953; RN 59385). 
(H) Biface preform 
fragment (73-62887; RN 
59367). (1) Macroblade 
(73-60855; RN 57072). 
Dots show areas 

with use wear. 


the end of the LU3 occupational phase or the 
beginning of the LU4 occupational phase. A 
projectile point blade fragment made on CCS 
(73-62464) was discovered on the surface of 
LUB (Fig. 4C). 


Technological antecedents 


Stemmed projectile points appear throughout 
Africa, the Levant, and Europe after 50,000 years 
ago (27) and are associated with late Pleistocene 
evidence of human presence along the northern 
Pacific Rim (22). In Japan and Korea, Hakuhen- 
Sentoki projectile points dating from 30,000 to 
23,000 cal yr B.P. are made by retouching the 
proximal end of a thick, pointed blade (23). The 
eponymous “bifacial stemmed point” type, seen 
mainly in Japan from 16,000 to 13,000 cal yr B.P., 
was often made on macroflakes or blades with 
contracting bases and elaborative bifacial re- 
touch (24-28). Regional variants include the 
Tachikawa type on Hokkaido, the Kosegawsawa 
type in northern Honshu near the Sea of Japan, 
and the Yanagimata type in central and western 
Honshu. The Tachikawa type bears strong mor- 
phological similarities to the contracting margin 
stemmed point bases from LU3 at Cooper’s Ferry 
(Fig. 5). Stemmed projectile points that are mor- 
phologically different from specimens from 
Cooper’s Ferry appeared at Kamchatka’s Ushki 
Lake site by ~13,440 to 12,640 cal yr B.P. (29) 
but were absent earlier from Beringia (15), sug- 
gesting that their origins lie elsewhere. The age, 
morphology, and technology of Cooper’s Ferry 
LU3 artifacts share notable similarities with the 
nonfluted projectile point traditions dated from 
~16,000 to 13,000 cal yr B.P. in Japan. 
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The artifacts contained within LU3 and PFA2 
temporally precede and partially overlap with 
the CPT but represent a separate technological 
tradition distinguished by flake- and macroblade- 
based lithic tool production, including but not 
limited to stemmed, lanceolate, and foliate pro- 
jectile point forms; Levallois-like and discoidal 
unidirectional and multidirectional core design; 
predetermined flake and macroblade blanks; 
and flake and blade tools. These technological 
attributes are seen among North and South 
American sites that predate the CPT, most re- 
cently discovered in stratified context beneath 
Clovis artifacts at the Gault and Friedkin sites in 
Texas (2-13). We interpret this temporal and 
technological affinity to signal a cultural con- 
nection with Upper Paleolithic northeastern Asia, 
which complements current evidence of shared 
genetic heritage between late Pleistocene peoples 
of northern Japan and North America (30). Al- 
though these archaeological connections require 
further study, the contemporaneous use of 
stemmed projectile point technologies in north- 
eastern Asia and North America during the late 
Pleistocene represents an emerging Upper Pa- 
leolithic archaeological pattern that precedes 
the CPT (13). Adopting this terminology brings 
the earliest archaeological period of the Americas 
into conceptual alignment with the rest of the 
world and affirms the strength of observed tech- 
nological connections to northeast Asia (13). 


Implications for the peopling of 
the Americas 


A small number of reliably dated archaeological 
sites now provide evidence that humans were 
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present in the Americas by at least 14,500 cal yr 
B.P. and even before 15,000 cal yr B.P. (3-13) 
(fig. SJ. Recent genetically based estimates for 
the presence of people in the Americas suggest 
that an isolated population moved south of the 
ice sheets sometime after ~19,500 cal yr B.P. 
(31, 32) and split into two major branches of 
northern and southern Native Americans some- 
time between ~17,500 and 14,600 cal yr B.P. 
(33, 34). Bayesian age modeling and archae- 
ological evidence from the lower portion of LU3 
indicate that humans were initially present at 
the Cooper’s Ferry site 16,560 to 15,280 cal yr 
B.P. (95.4% confidence level) within this time- 
frame of initial population expansion. The mi- 
gration route these peoples employed to initially 
enter North America is hypothesized to have 
occurred either via an interior migration from 
eastern Beringia southward through a degla- 
ciated ice-free corridor (IFC) that opened be- 
tween continental ice sheets during the late 
Pleistocene (J6, 35) or by a combination of boat 
transport and walking south along the margin 
of glaciated and unglaciated Pacific shorelines 
(35-40). Models favoring migration through 
an IFC argue for its opening by ~14,800 cal yr 
B.P., providing time for humans to migrate 
from eastern Beringia and move throughout 
the Americas shortly before the appearance of 
the CPT (36). Cooper’s Ferry provides direct 
evidence for human settlement south of Late 
Wisconsinan ice sheets in the upper Columbia 
River basin before the earliest hypothesized 
opening of the IFC at ~14,800 cal yr B.P. This 
evidence refutes the IFC hypothesis and leads 
us to deduce that humans initially migrated 
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Fig. 5. Comparison of 
Cooper’s Ferry 
projectile points with 
late Pleistocene age 
Tachikawa-type 
stemmed points from 
the Kamishirataki 2  % 
site on Hokkaido, 
Japan. (A) Stemmed 
projectile point haft 
fragment from LU3 
(73-60685; RN 
56938). (B) Illustration 
of Japanese Upper 
Paleolithic stemmed 
projectile point 1 
from the Kamishiritaki : 
2 site [redrawn 1 
from (45)]. (C) Blade 
fragment of projectile 
point from LU3 
(73-62464; RN 
59067). (D) Stemmed 
projectile point haft 
fragment from LU3 
(73-42800; RN 
50948). (E) Illustration 
of Japanese Upper 
Paleolithic stemmed 
projectile point from 
the Kamishiritaki 2 site 
[redrawn from (45)] 
as one possible com- 


Y) 


4 


parison for the reconstructed stemmed projectile point shown in (C) 
and (D). (F) Stemmed projectile point from PFA2 (73-627). 
(G) Stemmed projectile point from PFA2 (73-628). (H) Stemmed 


projectile point from PFA2 (73-626). (I to K) Illustrations of Japanese 
Upper Paleolithic stemmed projectile points from the Kamishiritaki 2 
site [redrawn from (45)]. 


into the Americas along the Pacific coast. This 
does not preclude subsequent human migrations 
through the IFC at a later time, as suggested by 
paleogenomics (34), but such possible popula- 
tion movements do not represent the initial 
peopling of the Americas. 
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Archaeological assessment reveals 
Earth’s early transformation 


through land use 


ArchaeoGLOBE Project*{ 


Environmentally transformative human use of land accelerated with the emergence 
of agriculture, but the extent, trajectory, and implications of these early changes 
are not well understood. An empirical global assessment of land use from 
10,000 years before the present (yr B.P.) to 1850 CE reveals a planet largely 
transformed by hunter-gatherers, farmers, and pastoralists by 3000 years ago, 
considerably earlier than the dates in the land-use reconstructions commonly 
used by Earth scientists. Synthesis of knowledge contributed by more than 

250 archaeologists highlighted gaps in archaeological expertise and data quality, 
which peaked for 2000 yr B.P. and in traditionally studied and wealthier regions. 
Archaeological reconstruction of global land-use history illuminates the deep 
roots of Earth’s transformation and challenges the emerging Anthropocene 
paradigm that large-scale anthropogenic global environmental change is mostly 


a recent phenomenon. 


uman societies have transformed and man- 

aged landscapes for thousands of years, 

altering global patterns of biodiversity, 

ecosystem functioning, and climate (7-6). 

Despite increasing interest in the early 
global environmental changes caused by human 
activities, from changes in fire regimes and wild 
animal and plant populations by hunter-gatherers 
to increasingly intensive forms of agriculture, the 
global extent, intensity, temporal trajectory, and 
environmental consequences of Earth’s trans- 
formation through human land use remain poorly 
understood outside the archaeological commu- 
nity (7-9). 

Human transformation of environments around 
the world began with late-Pleistocene hunting 
and gathering societies and increased throughout 
the most recent interglacial interval with the 
emergence of agriculture and urbanized societies. 
Agricultural land use is implicated in anthropo- 
genic global environmental changes ranging from 
greenhouse gas emissions and climate change 
(5, 6, 10) to widespread deforestation, soil ero- 
sion, and altered fire regimes, as well as spe- 
cies introductions, invasions, and extinctions 
(4, 8, 11). Such changes are evident even in 
tropical rainforests and savanna environments 
long considered pristine (72, 13). However, exist- 
ing models of long-term changes in global land 
use (5, 14, 15) differ substantially in their rep- 
resentation of these early transformations 
(8, 16), largely owing to limited incorporation of 
disparate empirical data from archaeology and 
palaeoecology (17, 18). As a result, global models 
and assessments of early anthropogenic influence 


*ArchaeoGLOBE Project authors and affiliations are listed in the 
supplementary materials. 

}Corresponding authors: Erle Ellis (ece@umbc.edu); Lucas 
Stephens (lucas.s.stephens@gmail.com) 
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on climate, habitats, biodiversity, and other en- 
vironmental changes remain poorly character- 
ized (4, 10, 18, 19). 

Efforts to map land-cover change over the 
past 10,000 years from pollen data have increased 
during the past decade, and high-quality re- 
gional reconstructions are now available for 
Europe and the Northern Hemisphere (20-24). 
However, global reconstructions that combine 
both land-use and land-cover change using a 
range of data sources are rare (18, 25) and 
have difficulty incorporating environmental 
data from archaeological sites (26). Here, we 
present a global assessment of archaeological 
expert knowledge on land use from 10,000 years 
before the present (yr B.P.) to 1850 CE, showing 
that existing global reconstructions underesti- 
mate the impact of early human land use on 
Earth’s current ecology. 


A global synthesis of 
archaeological knowledge 


Archaeologists often study human alterations of 
environments, but most studies are qualitative 
or have a local or specialized topical focus [e.g., 
(27-33)]. To assess and integrate archaeological 
knowledge toward synthesis at a global scale, the 
ArchaeoGLOBE Project used a crowdsourcing 
approach (34, 35). Archaeologists with land-use 
expertise were invited to contribute to a de- 
tailed questionnaire describing levels of land- 
use knowledge at 10 time intervals across 146 
regional analytical units covering all continents 
except Antarctica. Contributors selected indi- 
vidual regions where they had expertise; 255 
individual archaeologists completed a total of 
711 regional questionnaires, resulting in com- 
plete, though uneven, global coverage (Fig. 1 
and table S1). The result is an expert-based meta- 
analysis that uses semi-subjective (ranked) sur- 
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vey data to generate regional assessments of land 
use over time. 

Regional-scale archaeological knowledge con- 
tributions were sufficient to assess land-use changes 
in all 146 regions between 10,000 yr B.P. and 1850 CE 
(Figs. 1 and 2). Overall, selfreported regional land- 
use expertise increased linearly from 10,000 yr 
B.P., peaked for 2000 yr B.P., and dropped off 
sharply thereafter (Fig. 2B), reflecting the decreasing 
emphasis on environmental archaeological methods 
in time periods with more abundant material re- 
mains and/or historical records. Quality of archae- 
ological data pertaining to past land use (Fig. 2C), 
determined by the pervasiveness of archaeological 
surveys, as well as floral and faunal analyses in 
each region, followed a trend similar to that for 
expertise, although the peak was somewhat 
later and more pronounced, and the drop-off 
was less severe. 

Global trends in expertise and data quality, 
and in published excavations, were heterogeneous 
across the globe, with consistently higher expertise 
and data quality across time in regions includ- 
ing, but not limited to, sections of Southwest 
Asia, Europe, Northern China, Australia, and 
North America, almost certainly reflecting a 
greater intensity of archaeological research in 
these areas. Other areas evidenced relatively low 
expertise among survey respondents and data 
quality until the most recent periods, especially 
parts of Africa, Southeast Asia, and South America. 


Global patterns of regional 
land-use change 


In 120 regions (82% of all regions, 88% of inhabited 
regions at 10,000 yr B.P.), foraging (practices of 
foraging, hunting, gathering, and fishing) was 
common (practiced across 1 to 20% of land in 
region) or widespread (practiced across >20% of 
region) at 10,000 yr B.P. and declined thereafter 
(Fig. 3, A and B). Foraging was less than wide- 
spread in 40% of all regions by 8000 yr B.P., a 
decline that expanded to 63% of regions by 3000 yr 
B.P. By 1850 CE, 73% of regions were assessed 
with less than widespread foraging, with 51% at 
the “minimal” (practiced across <1% of land in 
region) or “none” prevalence levels. 

Regional trends of foraging (Fig. 4B and 
fig. S6D) reveal early declines from 10,000 to 
6000 yr B.P. in Southwest Asia, with other re- 
gions exhibiting declines in foraging lifeways 
either gradually, beginning ~4000 yr B.P., or with 
hardly any declines at all until after 3000 yr B.P. 
This pattern is congruent with recent global as- 
sessments indicating that the majority of domes- 
ticated species appeared in the interval from 
8000 to 4000 yr B.P., with a smaller number in 
earlier intervals (28). 

The current dataset draws attention to the 
prevalence of agricultural economies across the 
globe (Fig. 4A) rather than focusing on centers 
of initial domestication, of which there are now 
at least 11 worldwide (28). At 10,000 yr B.P., 
these centers were limited to minimal or common 
components in parts of Southwest Asia. Subse- 
quently, agriculture became much more wide- 
spread both through secondary dispersal from 
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Fig. 1. Archaeological knowledge A 
contributions. (A) Geographic distribution 

of knowledge contributions across 

146 regions. The four island regions at 

left are aggregated into indicator 

panels with exaggerated areas (Eckert IV @ Hawaii 
projection). (B) Histogram showing @ Polynesia 
the distribution of 711 total contributions @ Micronesia 
across regions. @ Melanesia 
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Fig. 2. Archaeological expertise, data quality, and published excavations. (A) Regional trends in land-use expertise estimated using a generalized 
additive mixed model, grouped according to a k-means clustering algorithm to show regions with similar temporal trends. (B) Regional trends in data 
quality. (C) Global trends in expertise and data quality with 95% confidence intervals. (D) Estimated number of published excavations per region. 
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Fig. 3. Summary of global land-use trends. (A) 


Bl Pastoralism Widespread 
Bl Foraging Widespread 


Generalized additive mixed-model trends for the 


extent of each land-use type across all regions with 95% confidence intervals. (B) Cumulative 
summary of regions per land-use category based on consensus assessments (Common, >1 to 20% 
regional land area; Widespread, >20% regional land area), with presence or absence of urban 


centers. Categories are nonexclusive, resulting in 


Southwest Asia and eastern China and through 
new domestications in the Americas, New Guinea, 
and Africa. By 6000 yr B.P., 42% of land units had 
at least minimal extensive agriculture (swidden 
or shifting cultivation and other forms of non- 
continuous cultivation), and it was common in 
>14% of units. Intensive agriculture (all forms 
of continuous cultivation) was geographically 
constricted (the Mediterranean, Southwest Asia, 
South Asia, and eastern China) and common in 
only a few regions (12 at 6000 yr B.P.) of suitable 
climatic conditions until 4000 to 3000 yr B.P., 
spreading more broadly only after 2000 yr B.P. 
(65 regions with at least common intensive agri- 
culture at 2000 yr B.P.). 

This study also illuminates the relationships 
between different modes of land use. Pastoral- 
ism was connected to agricultural centers of 
origin in Southwest Asia, East Asia, and the 
Andes, suggesting a close relationship between 
both types of production. By 10,000 yr B.P., both 
agriculture and pastoralism were established in 
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plot values >100% for all regions. 


the earliest source regions with a focus first 
around Southwest Asia and the Mediterranean, 
but by 8000 yr B.P., pastoralism had spread 
farther from Southwest Asia, perhaps because 
of the proximity of this region to arid environ- 
ments where herding was more productive than 
farming (Fig. 4A). In the Americas, pastoralism 
was restricted to its origin in the Andes (present 
from 8000 yr B.P.) until after 1500 CE with the 
introduction of western domesticates. 

After 6000 yr B.P., the geographic spread of 
extensive agriculture shows a markedly different 
pattern than that of pastoralism because of 
its dispersal from additional source locations 
in East Asia and the Americas. Over the same 
time period, pastoralism spread across northern 
Africa and central Asia and was common or 
widespread across much of Eurasia and Africa 
by 4000 yr B.P., including many regions where 
neither form of agriculture was common until 
between 4000 and 3000 yr B.P. Not until 3000 yr 
B.P. was extensive agriculture (75 regions) prac- 
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ticed commonly at a greater geographic scale 
than pastoralism (64 regions). Patterns of re- 
gional land use demonstrate the importance 
of pastoralist production across arid regions 
(Fig. 4A), including arid and northern regions 
where agriculture was unsuitable, and docu- 
ment that the type of management practiced 
on western Eurasian herd animals was highly 
adaptable and transferable. 


Early onset of intensive land use: 
Assessments versus models 


Regional onsets of intensive agriculture, described 
by archaeologists, were generally earlier than 
estimates of cultivated crop areas derived from 
the most commonly used, spatially explicit global 
reconstruction of land-use history [the HYDE 
dataset (14)]. ArchaeoGLOBE findings comple- 
ment previous regional (e.g., Europe) land-cover 
studies based on palaeoecological data (36, 37). 
Of the 130 ArchaeoGLOBE regions currently 
making up Earth’s agricultural regions (regions 
with >1% crop area in HYDE at 2000 CE), 69 
archaeological onsets were earlier when assessed 
at the “common” level, in regions encompassing 
54% of global crop area at 2000 CE (Fig. 5C), and 
>67 were earlier at the “widespread” level (56% 
of global crop area at 2000 CE; Fig. 5D). Al- 
though 26 archaeological onsets at the common 
level were later than HYDE, including 13 regions 
later by >1000 years (8.4% of global crop area at 
2000 CE), ArchaeoGLOBE onsets were >1000 years 
earlier in 27 regions encompassing 21.8% of glob- 
al crop area in 2000. At the widespread level, 
archaeological onsets were later by <250 years 
in just three regions (5% of 2000 global crop 
area) and earlier by >1000 years in 21 regions, 
accounting for 22.0% of global crop area in 
2000. By contrast, a comparison with KK10, a 
less commonly applied historical land-cover 
change reconstruction known for representing 
early agricultural transformation of land, showed 
generally earlier onsets of intensive land use than 
did ArchaeoGLOBE [fig. $7; (15)]. 


Discussion 


The ArchaeoGLOBE dataset highlights broad 
patterns and consistencies in archaeological 
data while also identifying exceptions and 
knowledge gaps. Our data show geographical 
variability in total number of respondents, ex- 
pertise level, and data quality, suggesting that 
the breadth of archaeological knowledge differs 
greatly from one region to another. Potential 
causes of geographical inconsistencies in archae- 
ological knowledge include the varying condi- 
tions under which archaeologists work, the 
cumulative legacy and positive feedback of early 
research interests, and the physical accessibility 
(both real and perceived) of archaeological sites 
[see also (38)]. Although we made rigorous ef- 
forts to recruit archaeological knowledge con- 
tributions as widely as possible, biases in the 
dataset also derive from the anglophone orien- 
tation of key project investigators, as well as 
the limitations of their professional networks. 
These biases exacerbate historical geographical 
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biases in the pursuit and construction of ar- 
chaeological knowledge, including the applica- 
tion of environmental archaeological methods. 
ArchaeoGLOBE respondents may not form a 
representative sample of global archaeologists, 
but it is still clear that several regions have seen 
more intensive archaeological research. Regional 
hotspots of intensive study are concentrated 
heavily in Europe, Southwest Asia, and portions 
of the Americas, a pattern also observed for 
ecological field sites (39) and UNESCO World 
Heritage sites (40). 

Regional cold spots that have received much 
less attention are concentrated in Southeast Asia 
and Central and West Africa, where resources 
available for archaeological fieldwork and train- 
ing are limited. Nonetheless, experts in these 
regions were able to contribute generalized 
accounts of land-use trajectories. For instance, 
archaeobotanical investigations of the cultiva- 
tion and domestication of indigenous cereals 


A 


Extensive agriculture 


Te a 


in sub-Saharan Africa (41-43) are beginning to 
shed light on earlier and more extensive forms 
of agriculture. Similar less-investigated indige- 
nous agricultural practices likely characterize 
parts of Southeast Asia and northern India 
during the mid-Holocene [e.g., (44-46)]. Hence, the 
ArchaeoGLOBE project can help archaeologists 
prioritize future collection of empirical data 
and local capacity building to improve the re- 
liability of global perspectives. 


Deepening the Anthropocene 


Archaeologists and anthropologists have broadly 
defined “domestication” and, to a lesser extent, 
“agriculture” [e.g., (28)]. However, “hunting and 
gathering” is a more varied and complex subsist- 
ence adaptation than originally conceptualized. 
Its definition generates debate among scholars 
by blurring countless variances in land use, re- 
source management, and anthropogenic environ- 
mental change. Foraging, or “foraging/hunting/ 


Intensive agriculture 


gathering/fishing,” was used here to describe 
subsistence economies and land-use practices 
that generally exhibit lower amounts of direct 
human alteration of ecosystems and control of 
plant and animal life cycles [see (47)]. Within 
this broad category are many forms of resource 
procurement and land management that have 
drastically changed landscapes, and we now rec- 
ognize that foragers may have initiated dramatic 
and sometimes irreversible environmental change 
[e.g., (48)]. In addition to altering biotic commu- 
nities around the world through transport and 
propagation of favored species, extensive early 
land use by hunter-gatherers may also indicate 
widespread use of fire to enhance success in 
hunting and foraging (49). Systematic burning 
has implications for the global carbon cycle 
through increased greenhouse gas emissions, 
for water cycles through changes in vegetation 
and evapotranspiration, and for temperatures 
through changes in albedo (50, 51). 
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Fig. 4. Regional onsets of land-use categories and decline of foraging. (A) Onsets representing the earliest time step assessed at the “common” 
prevalence level (1 to 20% land area) for extensive agriculture, intensive agriculture, and pastoralism; the earliest time step was assessed as “present” for 
urbanism. (B) Decline representing the latest time step assessed at the “common” prevalence level for foraging. 
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Globally widespread evidence of hunter- 
gatherer land use indicates that ecological con- 
ditions across most of the terrestrial biosphere 
were influenced extensively by human activities 
even before the domestication of plants and 
animals. Although our dichotomous parsing of 


hunter-gatherers and agriculturalists is primar- 
ily operational, such divisions are still useful. 
Our data seem to support a unilineal trajectory 
toward increasingly intensive land use and the 
replacement of foraging with pastoralism and 
agriculture, a process that appears largely ir- 


reversible over the long term. Such trends also 
mask more complex pathways, as well as re- 
versals at the local scale in numerous regions. 
In some parts of the world, agriculture did not 
simply replace foraging but merged with it 
and ran in parallel for some time, either as a 
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Fig. 5. Comparisons of agricultural onset in ArchaeoGLOBE versus 
HYDE. (A) Onset of intensive agriculture covering =1% regional area 
(common level) and =20% regional area (widespread level) in both the 
ArchaeoGLOBE and HYDE datasets; regions colored in gray did not 
surpass the associated threshold by 1850 CE for ArchaeoGLOBE and by 


ArchaeoGLOBE Project, Science 365, 897-902 (2019) 30 August 2019 


2000 CE for HYDE. (B) Map of differences in onset of intensive agriculture 
at common and widespread levels (in thousands of years; negative 
numbers highlight earlier ArchaeoGLOBE estimates). (C) Distributions of 
onset timing differences at common and widespread levels, same data 
and scale as (B). 
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patchwork of different peoples or seasonal 
shifts. The environmental effects of such mixed- 
mode land use are difficult to see in the archae- 
ological and paleoecological record and are 
perhaps often missed in the dichotomous view 
of replacement by more advanced systems. 
Through time, as land became increasingly 
densely occupied and land use more intensive, 
opportunities for flexibility in subsistence strat- 
egies and the resilience that this supported were 
reduced. 

This global archaeological assessment of early 
land use reveals a much earlier and more wide- 
spread global onset of intensive agriculture 
than the spatially explicit global historical re- 
construction most commonly used to inform 
modeling studies of preindustrial vegetation 
and climate change [HYDE; (14)]. However, 
archaeological onsets of intensive agriculture 
appeared slightly later than those reported in 
the less widely used KK10 reconstruction (15). 
Substantial methodological differences and un- 
certainties between archaeological estimates and 
historical reconstructions mean that compari- 
sons among ArchaeoGLOBE, HYDE, and KK10 
must be treated with caution (52). The regional 
land-use estimates of our study represent a first 
step toward more accurate, empirically grounded, 
spatially explicit global reconstructions of long- 
term changes in land use and provide reference 
points and procedural approaches to constrain 
and correct these biases in future work. Our hope 
is that our global archaeological assessment, and 
the collaborative approach that it represents, will 
help to stimulate and support future efforts, such 
as work currently in progress through the PAGES 
LandCover6k initiative (18, 25), toward the 
common goal of understanding early land use 
as a driver of long-term global environmental 
changes across the Earth system, including 
changes in climate. 
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MANTLE CHEMISTRY 


Deep magma ocean formation set 
the oxidation state of Earth’s mantle 


Katherine Armstrong”, Daniel J. Frost{, Catherine A. McCammon, 
David C. Rubie, Tiziana Boffa Ballaran 


The composition of Earth’s atmosphere depends on the redox state of the mantle, which 
became more oxidizing at some stage after Earth’s core started to form. Through high- 
pressure experiments, we found that Fe** in a deep magma ocean would disproportionate 
to Fe>* plus metallic iron at high pressures. The separation of this metallic iron to the core 
raised the oxidation state of the upper mantle, changing the chemistry of degassing 
volatiles that formed the atmosphere to more oxidized species. Additionally, the resulting 
gradient in redox state of the magma ocean allowed dissolved CO2 from the atmosphere 
to precipitate as diamond at depth. This explains Earth’s carbon-rich interior and suggests 


that redox evolution during accretion was an important variable in determining the 


composition of the terrestrial atmosphere. 


resent-day noble gas abundances indicate 

that impacts caused extensive losses of 

Earth’s proto-atmosphere during accre- 

tion (/, 2). A substantial fraction of the 

atmosphere must therefore have formed 
by degassing of Earth’s interior (3, #4). The oxi- 
dation state of the upper mantle during the first 
500 million years of Earth’s history had a major 
influence on the composition and evolution of 
the atmosphere, as it controlled the redox state 
of degassing volatile species (5-7). Before Earth’s 
metallic core was fully formed, the mantle was 
strongly reduced and would have degassed to 
produce an atmosphere dominated by the re- 
duced gas species CO, CH,, and Hz (7, 8). If this 
state had persisted, these reduced species would 
have prevented the rise of atmospheric O, (9). 
The upper mantle appears, however, to have been 
substantially more oxidized by the time the first 
minerals and rocks were formed. Redox con- 
ditions are quantified by the oxygen fugacity 
(fo,), and fo, values recorded by the oldest rocks 
indicate that the redox state of the upper mantle 
had increased by about 5 log units by the be- 
ginning of the geologic record. Subsequent 
changes appear to have been relatively minor 
(10-14). This oxidation event allowed the more 
oxidized species CO, and H,O to degas from the 
mantle. 

The main mechanism proposed to explain the 
increase in mantle redox state in the past has 
been oxidation by H,O accompanied by the loss 
of Hz to space (8, 15). Although this almost cer- 
tainly occurred to some extent, the question re- 
mains as to whether there would be sufficient 
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H,O left inside Earth after core formation to 
accomplish this. It is also unclear why Mars, a 
seemingly more volatile-rich planet than Earth, 
has an apparently more reduced primitive man- 
tle (16-18). An alternative oxidation mechanism 
is based on FeO disproportionation caused by 
crystallization of bridgmanite, the dominant 
lower-mantle mineral. Experimental studies 
show that bridgmanite has a high Fe**/Fe ratio 
when in equilibrium with iron metal (19-23). 
This implies that the equilibrium 3FeO = Fe° + 
2FeO,;, involving ferric and ferrous iron com- 
ponents in mineral phases, shifted to the right 
as the lower mantle formed. This resulted in the 


disproportionation of FeO and the precipitation 
of iron metal (Fe°). Segregation of precipitated 
iron metal from the crystallizing lower mantle 
into the core could have raised the bulk oxygen 
content of the entire mantle after convective 
mixing (19). We show that the same FeO dis- 
proportionation mechanism must occur in sil- 
icate liquid at conditions approaching those of 
the lower mantle, and hypothesize that the in- 
crease in the oxidation state of Earth’s mantle 
was an inevitable consequence of the formation 
of one or more deep magma oceans. 

We describe the fo, of a silicate melt using the 
equilibrium 


FeO + ¥/,0. = FeO; 5 (1) 
and the expression 
4 
ig Sake (2) 


where a2" is the activity of the FeO component 


in the silicate melt and K is the equilibrium con- 
stant. At ambient pressure, K is such that silicate 
melts in equilibrium with metallic iron contain 
negligible Fe,Os. For this to change at higher 
pressures, the volume change for Eq. 1, AVj1, 
must be negative. 

We can determine the sign of AV;1; by ex- 
amining whether the Fe?*/2Fe ratio of a silicate 
melt increases with pressure at a constant tem- 
perature and buffered oxygen fugacity. Previous 
studies performed up to 7 GPa (24, 25) indicated 
a positive AVj,;, which is consistent with the 
1-bar volumes and compressibilities (26), al- 
though it has been proposed that this may change 
at higher pressures (27). We extended these mea- 
surements through a series of multianvil experi- 
ments to 23 GPa. We chose a relatively polymerized 
andesitic silicate melt composition to facilitate 


Fig. 1. Ferric iron 
contents of 
quenched silicate 
melts buffered 

at different oxygen 
fugacities. We buf- 
fered the experimental 
oxygen fugacity 

either by the assem- 
blage Ru + Oo = RuOs 
(colored symbols 
indicate tempera- 
tures), which has an 
oxygen fugacity of 
~AIW +8, or by 
equilibrium with 

Fe metal (gray ) 5 
squares), ~AIW —2. 

Downward- and 

upward-pointing trian- 


Fe°'/=Fe 


10 15 20 25 


Pressure (GPa) 


gles indicate initially fully oxidized and fully reduced starting materials, respectively. Results from 
previous studies are shown as open circles (24, 25). All starting compositions were andesitic 
except an experiment at 4 GPa that had a MORB melt composition (green diamond). The curves 
show the fit of our model to the experimental data. The gray curve is calculated for liquid iron metal 
saturation at 2373 K. The experimental temperature uncertainties are ~50 K. 
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Fig. 2. Magma ocean 
oxygen fugacity pro- 0 
files for different 
bulk Fe**/=Fe per- 
centages. We normal- 
ized the oxygen 
fugacity to the iron- 
wiuistite buffer (AlW). 
The value of the FMQ 
(fayalite, magnetite, 
quartz) buffer is indi- 
cated by the red 
arrow. The present-day 
range in upper mantle 
fo, is approximated 

by the vertical red bar. 
We assume a mantle 


log fO» (A IW) 


Depth (km) 
300 400 500 600 


— 10% Fe** 
5% Fe™* 
3% Fe** 

— 04%Fe* 


(ale Fe stable 


adiabatic potential 

temperature of 2273 K. 
The gray shaded region 
indicates the fo, where 


™ a T 
10 15 20 25 


Pressure (GPa) 


metallic iron precipitates. Metallic iron precipitation buffers the oxygen fugacity, flattening it with 
increasing pressure. A magma ocean containing initially only 0.4% ferric iron will start to precipitate 
metallic iron at ~400 km. If the metal separates to the core, the ferric iron content of the magma ocean 
will rise to values indicated by the vertical arrows. Once the ferric iron content of the magma ocean 
reaches 3%, the near-surface fo, is within the range for the present-day mantle. 


glass formation when quenching at high pres- 
sures. We used two starting compositions so that 
we could approach the equilibrium Fe®*/ZFe 
ratio both from an initially more oxidized and 
a more reduced composition. We equilibrated 
melts with a Ru-RuO, buffer, placed in the sam- 
ple capsule, that resulted in an fo, approximately 
8 log units above the iron-wiistite oxygen buffer 
(AIW +8). The relatively high fo, makes the mea- 
surements more reliable and is not problematic 
because AV, should be independent of fo, . 
After equilibration at high pressure, we ana- 
lyzed the Fe®*/=Fe ratios of the quenched silicate 
melts using Méssbauer spectroscopy. Above 
10 GPa, the silicate melt crystallized upon quench- 
ing instead of forming a glass. We assumed that 
the Fe®*/=Fe ratios of the silicate melts were un- 
modified by crystallization. The Fe®*/=Fe ratios we 
determined near the boundary between glass and 
crystallized melts were similar, and we did not have 
any multivalent elements in large enough con- 
centrations to cause major changes in speciation 
through electron exchange during quenching (28). 
We found an initial decrease in the Fe**/=Fe 
ratio with increasing pressure (Fig. 1), consistent 
with a positive AV;1, but the trend reversed above 
10 GPa, indicating a negative AV). We rational- 
ized this behavior as being due to the compress- 
ibility of the Fe,O, melt component becoming 
greater than that of FeO at high pressure. This 
could be caused by a pressure-induced change in 
coordination of Fe®* in the melt (7, 29). We fit 
the data with a thermodynamic expression for 
Eq. 1 that describes the Fe®*/=Fe ratio of the 
melt as a function of temperature, pressure, fo,, 
and melt composition (24, 30). We used a mod- 
ified third-order Tait equation of state (31, 32) 
to describe the volumes of the iron oxide com- 
ponents in the melt, allowing us to fit a model 
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to the pressure dependence of the Fe**/=Fe ratio 
(28) by refining the iron components’ bulk moduli 
and their pressure derivatives. We tested for the 
effects of melt composition by performing an ex- 
periment at 4 GPa on a mid-ocean ridge basalt 
(MORB) composition. The resulting melt had an 
Fe**/xFe ratio almost identical to that of the 
andesitic melt at the same conditions, which is 
consistent with predictions (24, 30). We also per- 
formed additional experiments at low oxygen 
fugacities by equilibrating andesitic melts with 
iron metal. We found constant low Fe**/=Fe 
ratios within error up to 10 GPa, but an increase 
at higher pressures. Our thermodynamic model 
reproduces these data well, demonstrating that 
AVj1;, which governs the pressure dependence 
of the melt Fe**/Fe, is essentially independent 
of fo,. The increase in Fe2O3 stability above 10 GPa 
results in a substantial proportion of Fe,O3 in 
the melt when in equilibrium with metallic iron. 
This means that a melt with a negligible FeO, 
content that is transported to pressures above 
10 GPa must precipitate iron metal to produce 
the appropriate equilibrium Fe.0; melt content 
through the oxidation of FeO. 

The accretion of planetary embryos through 
giant impacts likely resulted in multiple phases 
of extensive or even complete melting of the 
proto-Earth (33-36). We used our model to 
calculate fo, as a function of depth though a 
magma ocean (Fig. 2) created by such a giant 
impact, by assuming that vigorous convection 
(37, 38) produced a well-mixed magma with a 
homogeneous Fe**/=Fe ratio. We performed the 
calculation for a bulk silicate Earth composi- 
tion, which resulted in a small shift in the fo, - 
Fe**/XFe relationship for the melt relative to 
the andesitic melts due to changes in the activ- 
ities of the iron components (28). 
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To calculate fo, as a function of depth, we first 
take the hypothetical case of an initially reduced 
magma ocean that is in equilibrium with Fe 
metal near the surface (Fig. 2). Such a magma 
ocean would have an Fe**/=Fe ratio of ~0.004 
and an fo, of approximately AIW -2. For sim- 
plicity, we have ignored the effect of Ni, which 
would raise the fo, of metal iron equilibrium by 
up to 1 log unit by forming a Ni-Fe metallic liquid 
(28). For this constant Fe?*/=Fe ratio, the melt 
fo, initially increases slightly with increasing 
depth and is no longer metal-saturated until 
200 km, where the trend reverses because of the 
sign change of AV;1;. Below 400 km, the fo, of 
the magma reaches a value at which metallic 
iron is again stable. At this depth, FeO would 
disproportionate and precipitate iron metal 
in order to reach the equilibrium FeO; content. 
With increasing pressure, the negative sign 
of AV, implies that both metal and Fe.O; are 
produced and the melt Fe**/=Fe ratio increases, 
while the fo, of the melt flattens out as a result of 
buffering by iron metal. 

If the precipitated metal segregates to the 
core, the net result is an increase in the Fe,O3 
content of the silicate liquid. The separation of 
0.1 weight percent metal to the core, followed by 
convective homogenization, would raise the 
Fe**/=Fe of the magma to 0.03 (Fig. 2), which is 
close to estimates of the present-day mantle 
(39). Greater Fe**/XFe ratios may well have 
been reached through the separation of more 
iron metal to the core from progressively greater 
magma ocean depths, as the ratio of 0.03 es- 
timated for the present-day upper mantle is 
probably lower than that of the bulk silicate 
Earth. 

Our model shows that for a constant Fe**/ZFe 
ratio, maintained by convection, a gradient in 
melt fo, with depth is established. A melt with a 
ratio of 0.03 remains in equilibrium with me- 
tallic iron at lower mantle depths but has an fo, 
consistent with the degassing of CO. and H,O 
near the surface (>AIW +2). The fo, gradient is 
similar to that proposed for the present-day 
mantle, which may also reach iron metal satu- 
ration at a similar depth (40). This is supported 
by recent observations of iron metal-rich inclu- 
sions in gem-quality diamonds that formed 
between 400 and 660 km depth (42). 

The removal of metal produced by FeO dis- 
proportionation may have raised the Fe?*/Fe 
ratio of the mantle even before core formation 
was complete. Equilibration with core-forming 
metal during accretion would have reduced 
mantle Fe®*/=Fe ratios to very low values. If 
the later stages of Earth’s accretion, starting 
from a planetary embryo (i.e., a Mars-size body), 
occurred mainly through multiple giant colli- 
sions (33-36), FeO disproportionation within 
each of the resulting magma oceans would have 
raised the Fe®*/Fe ratio of the mantle once the 
impactor’s core had fully segregated. This im- 
plies that a H,O- and CO,-dominated atmosphere 
may have been maintained throughout the final 
stages of accretion. On the other hand, magma 
oceans on smaller bodies such as the Moon, Mars, 
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Fig. 3. Carbon dioxide 0 


concentration ina 
magma ocean in 
equilibrium with 2 
diamond. The CO> con- 
tent (in mole fraction) 
of a COz vapor- 


a -4 
saturated melt is shown e 
by the blue curve (52); x< 
the black curves show & 
the COz content of a Vapor solubility Ye 
diamond-saturated : ee Ss. 
' Diamond solubility 7s. 
melt, calculated with 8 Ref 52 
two different methods mam Ref 53 
28, 52, 53). The 
magma COz concentra- 0 200 300 400 500 600 
tion is a function of Depth (km) 


atmospheric COz partial 
pressure (7) but is 


potentially in the range 1 to 10 ppm, as indicated by the horizontal shaded region. The calculation 
is performed at 2273 K assuming an oxygen fugacity gradient constrained by a melt with a constant 


Fe?*/=Fe ratio of 0.03. The COs content of the melt at diamond saturation drops with depth as fo, 
decreases. A melt containing less than 10 ppm COz dissolved at the surface will precipitate diamond 
at depths of >500 km. The vertical shaded band indicates the approximate conditions, including 
temperature uncertainty, where diamond is neutrally buoyant in ultramafic melt (44, 45). At depths 


of >600 km, the melts become saturated in iron 


and Vesta were of insufficient depth to cause dis- 
proportionation. This explains why their mantles 
are more reduced [closer to IW (16-18)], despite 
Mars forming from more volatile-rich, and there- 
fore potentially more oxidized, material (42). 

Our experiments were not able to address what 
happens to the redox conditions in magmas at 
much higher pressures, which could be relevant 
for impacts that melted the entire mantle. How- 
ever, the compressibility of the Fe.O3 melt compo- 
nent rivals that of FeO as lower mantle pressures 
are approached, which may reverse the rising 
trend in melt Fe®*/2Fe ratio with pressure. Our 
model shows some indication of this (Fig. 1) for 
the more oxidizing conditions. A larger unknown 
is the impact of electronic spin transitions in- 
volving both iron oxide components that could 
potentially influence the melt Fe®*/=Fe ratio. 
These uncertainties are unlikely to negate the 
effect of FeO disproportionation, even if the lat- 
ter were restricted to a depth interval near the 
top of the lower mantle, because the entire mag- 
ma ocean would pass through this region as a 
result of convection. The metal produced would 
ultimately sink to the core, and the increase in 
Fe,0, would be redistributed to the mantle as a 
whole through convective mixing. 

Agradient in fo, through a deep magma ocean 
has been proposed (7) to result in a “carbon 
pump” mechanism that continuously removed 
small amounts of CO, from the overlying atmo- 
sphere by dissolution in the magma and sub- 
sequent precipitation as diamond in the interior. 
As Earth experienced a late (Moon-forming) giant 
impact, this carbon pump might have been im- 
portant for moving CO, from the atmosphere into 
the mantle. This may explain why, in contrast to 
other volatile elements such as H and N, a sub- 
stantial portion of Earth’s carbon resides in the 
mantle (43). The carbon pump would operate 
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metal. 


because a magma ocean in equilibrium with a 
CO.-rich atmosphere would still dissolve a few 
parts per million of CO, (43). The CO, concentra- 
tion at which the melt reaches carbon (graphite/ 
diamond) saturation, however, would decrease 
with decreasing fo, and therefore with depth. 
This is illustrated in Fig. 3, where we calculate 
this CO, concentration for a magma ocean with 
an Fe**/Fe of 0.03. As a result of the decrease in 
fo, the CO, content of the melt in equilibrium 
with diamond drops to below 10 ppm at >500 km 
depth. At such depths, excess carbon would pre- 
cipitate as diamond and would be neutrally buoy- 
ant (44, 45). With time, the diamond content of 
the mantle would rise, even if the concentra- 
tion of CO, carried by the melt from the surface 
was low. Venus, on the other hand, may have 
developed a more CO,-rich atmosphere because 
it had not experienced a late giant impact and 
deep magma ocean formation in which the car- 
bon pump could operate (46). 

The increase in the oxidation state of the 
mantle before the end of accretion would also 
have influenced the conditions under which 
siderophile (iron metal-loving) elements par- 
titioned into the core, particularly for impactors 
that were too small to influence mantle fo,. FeO 
disproportionation would create an oxidized up- 
per mantle in which small amounts of accreting 
metal would dissolve. Metal would, however, 
precipitate again toward lower mantle depths. 
Siderophile element partitioning would then 
take place at high pressures and the most ox- 
idizing conditions possible for metal-silicate 
equilibration in Earth. This may have been im- 
portant for controlling the proportion of volatile 
elements that partitioned into the core, partic- 
ularly if they were delivered predominantly toward 
the end of accretion (47). Earth’s apparent deple- 
tion of nitrogen might be explained, for example, 
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because it becomes siderophile under such con- 
ditions (48-50). The separation of metal formed 
through disproportionation would have also 
prevented highly siderophile elements from 
becoming overabundant in the silicate Earth 
toward the final stages of core formation (57). 
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Dynamical charge density fluctuations 
pervading the phase diagram of a 
Cu-based high-T, superconductor 


R. Arpaia??*, S. Caprara®*, R. Fumagalli’, G. De Vecchi’, Y. Y. Peng'{, E. Andersson”, 
D. Betto”, G. M. De Luca®’”, N. B. Brookes’, F. Lombardi”, M. Salluzzo’, L. Braicovich’”’, 
C. Di Castro®**, M. Grilli?*, G. Ghiringhelli”®* 


Charge density modulations have been observed in all families of high—critical temperature 
(T,) superconducting cuprates. Although they are consistently found in the underdoped 
region of the phase diagram and at relatively low temperatures, it is still unclear to what 
extent they influence the unusual properties of these systems. Using resonant x-ray 
scattering, we carefully determined the temperature dependence of charge density 
modulations in YBazCu307-s and Ndj,.,Baz-,Cu307_s for several doping levels. We isolated 
short-range dynamical charge density fluctuations in addition to the previously known 
quasi-critical charge density waves. They persist up to well above the pseudogap 
temperature T*, are characterized by energies of a few milli-electron volts, and pervade a 


large area of the phase diagram. 


uprate high-temperature superconductors 

(HTSs) deviate from the Landau Fermi 

liquid paradigm as a result of the quasi-two- 

dimensionality of their layered structure 

and the large electron-electron repulsion. 
The doping (p)-temperature (T) phase diagram 
encompasses, at low 7, the antiferromagnetic 
and the superconducting orders and, at higher 7, 
the pseudogap region, which is characterized 
by a reduction of the quasi-particle density of 
states in some sections of the Fermi surface 
below the crossover temperature 7*. In the 
pseudogap state and up to optimal doping p ~ 
0.17, short- to medium-range incommensurate 
charge density wave (CDW) order emerges and 
competes weakly with superconductivity. Theo- 
retical proposals of CDW (1-3) and of low- 
energy charge fluctuations (4) were first put 
forward not long after the discovery of HTS; 
experimental evidence from surface and bulk 
sensitive techniques came initially in selected 
materials (5-8) and later in all cuprate families 
(9-14). Moreover, long-range tridimensional CDW 
(3D CDW) order has been observed inside the 
superconducting dome (for p ~ 0.08 to 0.17) 
in special circumstances, such as in high mag- 
netic fields that weaken superconductivity or in 
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epitaxially grown samples (15-17). Finally, the 
recent observation of charge density modula- 
tions in overdoped (Bi,Pb)212Sr1,ggCuOg,3 Oout- 
side the pseudogap regime (18) hints at a wider 
than expected occurrence of this phenomenon. 

The relevance of charge density modulations 
for the unconventional normal state and the 
superconducting properties of HTS is currently 
being debated. In some theoretical models, long- 
and short-range CDW orders are seen as epi- 
phenomena on top of a fundamentally peculiar 
metallic state, where the endpoint at T = 0 of the 
pseudogap boundary line (p* ~ 0.19 to 0.21) 
marks the physical onset of a non-Fermi liquid 
metallic phase (19-24). In alternative scenarios, 
charge density modulations are instead pivotal to 
the anomalous properties of cuprates (1, 25-27). 
In such scenarios, CDW orders are expected to 
be critical [i.e., associated with the divergence of 
a correlation length at a quantum critical point 
(QCP)] and to permeate, through charge density 
fluctuations (CDFs), a much broader area of the 
phase diagram. In this context, short-range cor- 
relations extending up to room temperature have 
recently been observed in the electron-doped 
cuprate Nd,_,Ce,CuO, (13). To establish to what 
extent static and fluctuating charge density 
modulations contribute to the phase diagram, 
we have measured them in YBa,Cu30,_5 and 
Nd,,Bay_,CuzO7_5 as a function of doping and 
temperature. We have discovered that CDFs are 
present over a broad region of the phase dia- 
gram, which strengthens the importance of 
charge density modulations in determining the 
normal-state properties of cuprates; addition- 
ally, our findings are consistent with the previ- 
ously known short- to medium-range CDW orders 
being precursors of the long-range charge modu- 
lation detected in the presence of high magnetic 
fields, pointing toward CDW orders as a quasi- 
critical phenomenon. 
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We measured resonant inelastic x-ray scat- 
tering (RIXS) on five YBazCu307_s3 (YBCO) and 
Ndy,.Ba_,~Cu307_s (NBCO) thin films spanning 
a broad range of oxygen doping, going from the 
antiferromagnetic (AF) region, where 7* is not 
even defined, passing through the underdoped 
(UD) and the optimally doped (OP) regime, up 
to the slightly overdoped region (i.e., beyond the 
pseudogap line) (fig. S1) (28-30). Measurements 
were performed at the Cu Lz edge (~930 eV), 
over broad in-plane wave vector ranges (q|, = 0.2 
to 0.4 reciprocal lattice units, r.l.u.) and temper- 
ature ranges (T = 20 to 270 K). Figure 1C shows 
the quasi-elastic (near-zero energy loss) com- 
ponent of the RIXS spectra as a function of q) = 
(A, 0) taken on sample UD60 (NBCO, p ~ 0.11) 
at different temperatures. A clear peak is pre- 
sent in the whole temperature range under in- 
vestigation. The intensity of the peak decreases 
as the temperature increases, with little temper- 
ature dependence above 200 K. A quasi-elastic 
peak, robust versus temperature, is also present 
in samples UD81 (YBCO, p ~ 0.14; Fig. 1B) and 
OP90 (NBCO, p = 0.17; Fig. 1A). In contrast, the 
antiferromagnetic sample (NBCO AF) shows no 
peaks above the linear background (Fig. 1D). 
These data highlight the existence of a genuine 
quasi-7-independent scattering signal repre- 
sentative of short-range charge modulations; 
although this peak was present in previous- 
ly published x-ray scattering data on YBCO, 
Bi,Sro_,La,CuO¢,5, Lag_2Sr,CuO,4, and other 
cuprates, it had been considered to be part of the 
“high-temperature” background and subtracted 
out; consequently, it had not been thoroughly 
discussed (J0, 12, 31-33). Note that no peak is 
present in the (H, A) direction, where a fea- 
tureless linear shape is observed that can be 
used as a linear background in the fitting of the 
scans along (H, 0) (Fig. 2, A to C). The scattering 
peak intensity is approximatively linear versus 
1/T (Fig. 1C, inset): The extrapolation to very 
high temperature (1/7 = 0) provides an estimate 
of the intrinsic background of the signal, stem- 
ming mainly from the scattering from low- 
energy phonons and surface imperfections 
(fig. S3) (28). 

We decomposed the (H, 0) scans by least- 
squares fitting to extract the peak intensity, 
width, and position. Figure 2 shows the results 
for sample UD60. At high temperatures, the 
quasi-elastic intensity can be fitted by assuming 
a single, broad Lorentzian profile on top of a linear 
background (Fig. 2B). At lower temperatures, two 
peaks are necessary: a broad peak (BP), very sim- 
ilar to that measured at higher temperature, 
and a narrow peak (NP) centered at a nearby 
value of H. We also scanned along K while fixing 
H = Hyp at the maximum of the NP in the (4, 0) 
scan; there, the shape consists of a narrow and a 
broad peak, both centered at K = 0. Because the 
temperature dependence of the K-scans follows 
that of the H-scans (fig. S2) (28), the quasi- 
elastic peak in the reciprocal space can be mod- 
eled by a double 2D Lorentzian, a broad one and 
a narrow one, centered respectively at ge — 
(0.325, 0) and at g®? = (0.295, 0) (Fig. 2E). 
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Fig. 1. Quasi-elastic scan along the (H, 0) 
direction for several YBazCu307_; and 
Ndj,,Baz_,Cu307-_; films with different 
oxygen dopings. The quasi-elastic intensity was 
determined by integrating the Cu L3 RIXS 
spectra measured at different q) values in the 
energy interval [—0.2 eV, +0.15 eV]. The 
measurements were performed at different 
temperatures on the following samples: 

(A) Optimally doped NBCO, p = 0.17. 

(B) Underdoped YBCO, p = 0.14. (C) Under- 
doped NBCO, p = 0.11. (D) Insulating 

NBCO, p < 0.05. The inset in (C) shows the 
peak intensity [peak Versus T for samples 
OP90 (circles) and UD60 (squares). The 
extrapolation to T > provides an estimate of 
the intrinsic background of the signal (bgr). 


Figure 3 summarizes the outcome of the fit- 
tings for the samples UD60 and OP90, whereas 
fig. S6 reports the corresponding results for the 
UD81 sample. The NP presents all the charac- 
teristics previously observed in several under- 
doped cuprates and commonly attributed to 
the incommensurate CDWs. The BP shares with 
the NP the position in the reciprocal space (al- 
though with small differences; see fig. S7), but it 
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[open squares in (C)], the 
data can be fitted with a 
sum of two Lorentzian 
profiles (solid line): one 
broader (dashed line), 
similar to that measured at 
250 K, and the second 
one narrower and more 
intense (dotted line). 

(E) The 3D sketch shows 
the quasi-elastic scans 
measured along H (cubes) 
and along K (spheres) 

at T = 60 K on sample 
UD60, together with the 
Lorentzian profiles used to 
fit them. A narrow peak 
(NP, blue surface) emerges 
at qXP = (0.325, 0) froma 
much broader peak (BP, 
red surface) centered at 
qPP = (0.295, 0). 


has a very different, almost constant, temper- 
ature dependence. Therefore, we attribute the 
BP to very short-range charge modulations 
(i.e., to CDFs), as depicted by the reddish region 
of the 7-p phase diagram of Fig. 4A. Whereas 
the full width at half maximum (FWHM) of the 
NP follows a critical temperature dependence, 
the temperature dependence of the BP width 
is much weaker in the accessible temperature 
range and within our experimental uncertain- 
ties. Finally, although the amplitude of the NP 
(i.e., the peak height) is larger than that of the 
BP at low temperature, the total “volume” (i.e., 
the integrated scattering intensity) is always 
dominated by the BP, at least in the accessi- 
ble T range above the critical temperature T, 
(Fig. 3). 

To further clarify the double character of the 
phenomenon and to assess the possible dynam- 
ical character of the CDFs, we studied the energy 
associated with the BP by exploiting the high 
resolution of our instruments. We measured Cu 
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Lz RIXS spectra on the OP90 and UD60 samples 
at selected temperatures and at the wave vector 
of the BP maximum. At all temperatures, the 
main peak is slightly broader than the instru- 
mental resolution (40 meV) and is not centered 
at zero energy loss, with the inelastic component 
stronger at higher T (fig. S10) (28). Contributions 
to this quasi-elastic peak come from phonons, 
from elastic diffuse scattering from the sample 
surface, and from charge fluctuations. The pho- 
non peak intensity is either 7-independent (for 
phonons with energies higher than 30 meV) or 
decreases upon cooling down (at lower energies); 
scattering from the surface is constant with T. 
The scattering related to CDWs is the only 
component expected to grow in intensity with 
decreasing T. Figure 4B shows the quasi-elastic 
component of three spectra taken on the opti- 
mally doped sample at 90 K, 150 K, and 250 K, 
and q) = (0.31, 0), after subtraction of the pho- 
non contribution, as estimated from the (H, H) 
scan (see figs. S11 to $13 for details on how the 
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Fig. 3. Characteristics of the two charge density modulation peaks. The graphs show the 
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temperature dependence of the parameters of the two Lorentzian profiles used to describe the 
quasi-elastic peaks of samples UD60 and OP90 (squares refer to the narrow peak, circles to 

the broad peak). (A and B) Intensity. (© and D) FWHM. Toc is 175 K for sample UD60 and 155 K for 
sample OP90. T2p is 33 K for sample UD60 and 24 K for sample OP90. (E and F) Volume of the 
charge density modulations. The total volume (triangles), given by the sum of the volumes of the two 


peaks, is dominated by the broad peak. 


additional phonon contribution and elastic scat- 
tering were subtracted). To better extract the 
charge density contribution, we subtracted the 
higher-T spectra from the lower-T ones; in Fig. 4, 
C and D, we show the 150 K-250 K and 90 K- 
150 K difference spectra. The resulting peaks 
are narrower than the original spectra. The 
higher-T difference is evidently centered at wo ~ 
15 meV, whereas the lower-T difference is almost 
elastic. This means that the BP, still dominant at 
high 7, has a fluctuating nature, whereas the NP 
emerges at lower T as a nearly static, quasi- 
critical CDW. 

These results can be interpreted within the 
theory mentioned above, based on the charge 
density instability of the high-doping correlated 
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Fermi liquid (/, 23, 24). We fitted the three 
quasi-elastic peaks in Fig. 4B (see also fig. S11) 
by using the dynamical charge susceptibility, 
proportional to the correlation function of the 
density fluctuations (n(q, o)n(-q, w)) in Fourier 
space, as obtained from a standard dynamical 
Ginzburg-Landau approach in Gaussian ap- 
proximation (34, 35). Its imaginary part, multi- 
plied by the Bose function, gives the response 
function for the charge density modulation and 
represents the intensity of the low-energy peak 
in the RIXS spectra J(q, ). Then the spectra in 
Fig. 4B can be fitted with this theory, assuming 
a characteristic energy @) ~ 15 meV for these 
overdamped charge fluctuations at 150 K and 
250 K; the 90 K curve is better fitted with wo = 
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7 meV, indicating that the NP is associated with 
lower or null energy. Similar fittings for the 
UD60 sample give wp ~ 6 meV at high temper- 
atures and 3 meV at 90 K (28). 

The broad peak is therefore generated by dy- 
namical CDFs, with pure 2D character related to 
individual CuO, planes, and is characterized by 
a noncritical behavior. Its ultrashort-range na- 
ture is confirmed by a correlation length—given 
by the FWHM  &' values—of 2€ ~ 4a, which is 
comparable to the modulation period (3.4a; see 
fig. S8). The narrow peak, by contrast, comes 
from quasi-critical CDWs appearing only below 
the onset temperature Tac (crosses in the phase 
diagram of Fig. 4A) (28). Quasi-critical CDW 
orders compete with superconductivity, as high- 
lighted by the intensity and & saturation (or 
decrease) below T, (Fig. 3 and figs. S4 to S6). In 
the relatively narrow temperature range above 
the occurrence of such competition, the linear 
extrapolation to zero of the NP width provides 
an estimate of the critical temperature T3p, below 
which, in the absence of superconductivity, € 
would diverge (i.e., a static 3D CDW order would 
form). The values of T73p of our three samples 
(Fig. 3, C and D, and fig. S6C), indicated as 
squares in the phase diagram of Fig. 4A, are 
in fairly good agreement with the onset of the 
long-range 3D CDWs (T. a); obtained in high 
magnetic fields by NMR (13), and hard x-ray 
scattering experiments (14) (blue region in Fig. 
4A). For OP90, T3p is relatively low because the 
doping corresponds roughly to the p, value of 
the QCP. Moreover, a scan taken at 62 K on 
overdoped YBCO (OD83, p ~ 0.18) shows that 
already at low temperatures, only the dynam- 
ical CDFs survive at p > p, (see fig. S9). Therefore, 
from the similarity between the 7p in our films 
and the 73}, reported in the literature at the same 
oxygen doping levels, we can speculate that, were 
it not for the competing superconducting order 
that quenches the critical behavior of CDWs, 3D 
CDWs would occur for p < p, and T < T3p without 
any application of magnetic field. The static 3D 
CDW dome is centered at p ~ 1/8 and is de- 
limited by two QCPs at p ~ 0.08 and 0.17 (36, 37); 
inside that doping range, above T3p and below 
Tac, quasi-critical CDWs—precursors of the static 
3D CDWs-—are present. 

The phase diagram of Fig. 4A visualizes the 
scenario of a continuous crossover from the pure 
2D dynamical CDF at high 7 and all dopings, to a 
quasi-critical CDW (still 2D) below Tac and for 
0.08 < p < 0.17, to the static 3D CDW usually 
hindered by superconductivity. Although disre- 
garded up to now, dynamical CDFs represent the 
bulk of the iceberg of the CDW phenomenon in 
cuprates. Indeed, they pervade a large part of 
the phase diagram and coexist with both quasi- 
critical CDWs and, possibly, 3D CDWs (Fig. 4A), 
and their total scattering intensity (the volume 
of the associated BP) dominates at all T (Fig. 3, E 
and F, and fig. S6E). Moreover, they do not 
compete with superconductivity. 

This picture is consistent with the theoretical 
proposal of (J, 25). Owing to the weak coupling 
of CuO, planes, CDW orders have a marked 2D 
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Fig. 4. Static and dynamic charge order in the phase diagram of the HTS cuprates. (A) The 
T-p phase diagram of cuprates is typically marked by the antiferromagnetic, pseudogap, and 
superconducting regions (respectively characterized by the onset temperatures Ty, T*, and 7.). 
Our results prove that most of these regions are pervaded by charge density modulations of some 
sort. The narrow peak describes the CDWs, manifesting in a region (pale blue) below Tgc (crosses). 
These 2D CDWs are quasi-critical and are precursors of the static 3D CDWs (blue region). Even 
though we cannot directly access this dome without a magnetic field, the temperatures T3p 
(squares) that we infer from the T dependence of the NP FWHM are in agreement with those 
previously determined by NMR and hard x-ray scattering experiments (15, 16). The broad peak 
describes short-range charge density fluctuations (CDFs), which dominate the phase diagram (red 
region), coexisting both with the quasi-critical 2D CDWs and with superconductivity, and persisting 
even above T*. In contrast, CDFs disappear in undoped/antiferromagnetic samples (white region), 
whereas their occurrence between p ~ 0.05 and p ~ 0.08 has yet to be determined. To evaluate the 
characteristic energies wo associated with the BP, we measured high-resolution RIXS spectra at 
various temperatures on the samples OP90 and UD60. (B) Quasi-elastic component of the spectra 
(after subtraction of the phonon contribution) at T = 90, 150, and 250 K, measured on sample OP90 
at q) = (0.31, 0). (C and D) The experimental 150 K-250 K and 90 K-150 K difference spectra, 
presented in (B), are shown (spheres), together with the theoretical calculation (solid areas). The data 
are in agreement with the theory, assuming oo = 15 meV at 150 and 250 K and wo = 7 meV at 90 K 


[dashed lines in (C) and (D)]. 


character and, because of strong quantum ther- 
mal dynamical fluctuations, they acquire a truly 
static character only below T3p. For YBCO and 
NBCO, 73p is smaller than 7,, thus requiring 
strong magnetic fields or epitaxially grown sam- 
ples to suppress superconductivity to obtain static 
3D CDWs. 

Although this theory can explain most of the 
experimental findings, some questions remain 
open. Other cuprate families will have to be 
tested and the doping region extended to con- 
firm the general applicability of the dynamic 
CDF scenario. A BP, centered at gy ~ gX? and per- 
sisting at high temperatures, has been observed 
over the past few years in other cuprates (13, 38), 
pointing toward a universality of the CDF phe- 
nomenon. However, none of the aforementioned 
experiments has been conclusive in this respect, 
because a complete temperature dependence 
and/or a discrimination of the quasi-elastic 
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signal from the inelastic one was missing. The 
actual relation between the quasi-critical CDW 
and the dynamical CDF must also be fully clar- 
ified, with particular reference to the possible 
spatial separation or coexistence of the two 
phenomena, ultimately linked to the role of 
disorder in the samples studied by scanning 
tunneling microscope (7, 39, 40) and micro- 
x-ray scattering (47) experiments. 

The most intriguing finding of this work is the 
ubiquitous presence (both in temperature and 
doping) of a broad peak caused by dynamical 
CDFs, which have small energies of a few meV 
and extend over a broad momentum range. There- 
fore, they provide quite an effective low-energy 
scattering mechanism for all the quasi-particles 
on the Fermi surface. This makes these excita- 
tions an appealing candidate for producing the 
linear temperature dependence of the resistivity 
in the normal state and other marginal Fermi 
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liquid phenomena that, since the early days of 
HTS (42), have been the most prominently pe- 
culiar properties of the cuprates. 
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Redox-neutral organocatalytic 
Mitsunobu reactions 


Rhydian H. Beddoe’, Keith G. Andrews’, Valentin Magné’, James D. Cuthbertson’, 
Jan Saska’, Andrew L. Shannon-Little’, Stephen E. Shanahan’, 


Helen F. Sneddon’, Ross M. Denton’* 


Nucleophilic substitution reactions of alcohols are among the most fundamental and 
strategically important transformations in organic chemistry. For over half a century, these 
reactions have been achieved by using stoichiometric, and often hazardous, reagents to 
activate the otherwise unreactive alcohols. Here, we demonstrate that a specially designed 
phosphine oxide promotes nucleophilic substitution reactions of primary and secondary 
alcohols in a redox-neutral catalysis manifold that produces water as the sole by-product. 
The scope of the catalytic coupling process encompasses a range of acidic pronucleophiles 
that allow stereospecific construction of carbon-oxygen and carbon-nitrogen bonds. 


lcohols are important feedstocks (7-5) for 

chemical synthesis because they are abun- 

dant and inexpensive and can be converted 

into a wide range of additional functional 

groups by using, among others, nucleo- 
philic substitution reactions (6). The ideal (hypo- 
thetical) nucleophilic substitution would involve 
direct stereospecific displacement of the hydroxyl 
group with concomitant elimination of water 
(Fig. 1A) (7). In practice, kinetic and thermody- 
namic barriers prevent direct substitution, and 
therefore, additional chemical activating agents 
must be used. However, conventional methods, 
such as the Mitsunobu protocol (Fig. 1B) (8, 9), 
involve hazardous stoichiometric reagents that 
are incongruous with the principle of atom 
economy (10). Nevertheless, this method is 
used very frequently and remains the state of 
the art in terms of stereospecific nucleophilic 
substitution (11). Therefore, it is clear that al- 
ternative catalytic substitution reactions would 
have a major impact on chemical synthesis and 
eventually replace the inherently inefficient cur- 
rent methods (12). To date, a variety of strat- 
egies have been devised to enable catalytic 
coupling of n-activated alcohols and nucleo- 
philes, which include Bronsted or Lewis acid 
catalysis (13) and transition metal-catalyzed 
substitution (14). In many cases, these reactions 
occur through stabilized carbocation intermedi- 
ates and, necessarily, generate racemic products. 
However, there are notable examples in which 
excellent stereoselectivity has been achieved (15). 
A conceptually different approach to catalytic 
nucleophilic substitution termed “borrowing hy- 
drogen” (16-18) involves oxidation of the alco- 
hol, condensation with a nucleophile, and then 
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reduction to achieve the product of a direct sub- 
stitution reaction. Despite these advances, the 
development of catalytic methods that enable 
stereospecific bimolecular substitution of non- 
activated chiral alcohols remains a major chal- 
lenge (19, 20). Although some progress has been 
made by using cyclopropenone catalysis (27), 
most effort to date has been focused on mod- 
ifying the original Mitsunobu protocol by redox 
recycling of the stoichiometric reagents. Although 
this approach is intuitive, implementation is 
challenging because recycling the phosphine 
reagent requires a stoichiometric reductant 
and recycling the azo oxidant requires a mutually 
compatible stoichiometric oxidant (Fig. 1C). 

An early reaction of this type was reported in 
2006 and involved the use of substoichiometric 
[10 mole % (mol %)] azodicarboxylate, which 
was recycled by using di(acetoxy)iodobenzene 
as a stoichiometric oxidant, in combination with 
two equivalents of triphenylphosphine (Fig. 1C) 
(22). Further work reported by Taniguchi, KoSmrlj, 
and co-workers in 2013 and in 2016 resulted in a 
more efficient recycling protocol using a modi- 
fied arylazocarboxylate that was elegantly regen- 
erated through aerobic oxidation with an iron 
phthalocyanine cocatalyst by using molecular 
oxygen as the terminal oxidant (Fig. 1C) (23, 24). 
These processes were successful in rendering the 
Mitsunobu reaction catalytic with respect to the 
oxidant, but stoichiometric phosphine was still 
required. Protocols catalytic in phosphine or both 
species suffered from limited output (25, 26). 
Although these catalytic variants are valuable, 
any catalytic Mitsunobu reaction based on 
redox recycling will always require a stoichio- 
metric oxidant and reductant, which places a 
ceiling on the level of atom economy that can be 
achieved (27). 

Conscious of these limitations, we questioned 
whether an alternative catalysis manifold could 
be developed in which the oxidation state of 
phosphorus was invariant (28, 29). Such a man- 
ifold would require the unconventional step of 
generating a Mitsunobu-active phosphorus spe- 
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cies from phosphorus(V) in a catalytic sense. We 
therefore designed a cycle based on phosphine 
oxide catalyst 1 (Fig. 1D), which we reasoned 
would be activated by the acidic pronucleophile 
and undergo cyclization and dehydration to af- 
ford oxyphosphonium salt 2. Although this 
transformation, which involves cleavage of the 
strong phosphorus-oxygen formal double bond, 
appears very challenging, we were aware that 
phosphine oxides containing two hydroxyaryl 
groups had been observed to undergo thermal 
dehydration at 200°C to afford isolable penta- 
valent phosphoranes (30). As in the classical 
Mitsunobu reaction, the counteranion associated 
with phosphonium salt 2 may engage in non- 
productive, reversible bonding and exchange at 
phosphorus (1D), but ultimately, ring-opening by 
the alcohol would afford the conventional inter- 
mediate, the alkoxyphosphonium-nucleophile 
ion pair 3. Subsequent nucleophilic substitution 
between the alkoxyphosphonium salt and asso- 
ciated counter anion should then afford the 
substitution product and regenerate phosphine 
oxide 1, closing the catalytic cycle. This approach 
was particularly attractive because there is no 
redox change and water is generated as the sole 
by-product. Furthermore, if this catalytic dehydra- 
tion system could be validated, it would expand 
the field of phosphorus-based organocatalysis 
(31-37) and allow further reaction development. 
Herein, we demonstrate phosphine oxide 1 func- 
tions as an efficient catalyst for Mitsunobu inver- 
sion in the designed manifold. 

We began our investigation by examining the 
role of the acidic pronucleophile, which in our 
proposed cycle (Fig. 1D), participates in the ini- 
tial dehydration step. Experiments were per- 
formed with catalyst 1 (a bench-stable solid, 
prepared on a multigram scale in two steps with- 
out chromatography; see materials and methods) 
and (+)-2-octanol [>99% enantiomeric excess 
(e.e.)] as a representative nonactivated alcohol. 
Azeotropic removal of water from either toluene 
or xylenes by using a Dean-Stark trap is critical 
to the cycle because the phosphonium salt in- 
termediates are kinetically and thermodynami- 
cally unstable with respect to hydrolysis, which 
returns the phosphine oxide. Pronucleophiles 
with low Bronsted acidity [for example, benzoic 
acid, pK,(H2O) = 4.2] did not promote measur- 
able catalysis, but as acidity increases [for exam- 
ple, 4-nitrobenzoic acid, pK,(H.O) = 3.4], the 
catalysis manifold becomes active. Presumably, 
dehydration requires sufficient protic activation 
of the strong phosphorus-oxygen bond. However, 
with increasing acidity, elimination reactions 
and acid-promoted coupling, which occurs with 
retention of configuration, also become increas- 
ingly competitive. This leads to a second acidity 
boundary, and optimization identified dinitro- 
benzoic acid [pK,(H.O) = 1.4] as an efficient 
coupling partner for inversion (tables S1 and $2). 
The inverted ester product was formed in a yield 
of 84% and an e.e. of 98%. 

Having optimized the conditions, we then 
explored the scope of the catalytic Mitsunobu 
coupling reaction. Stoichiometric esterification 
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A The ideal hypothetical Sy2 reaction 


D This work: redox-free catalytic Mitsunobu inversion 
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Fig. 1. Approaches to bimolecular nucleophilic substitution reactions 
of alcohols. (A) The ideal hypothetical Sy2 reaction involving direct dis- 


placement of the leaving group, inversion of ste 


eration of water as the sole by-product. (B) The 1967 Mitsunobu protocol 


methods generally require activated carboxylic 
acid derivatives, coupling reagents, or strongly 
acidic conditions. As such, catalytic access to 
substitution products of both primary and sec- 
ondary alcohols is valuable. As shown in Fig. 2, 
primary alcohols bearing functional groups po- 
tentially sensitive to strong acid, including ester 
(5a), amide (5b), phthalimide (Se), and nitrile 
(5d), were esterified under the reaction condi- 
tions. B-Citronellol also afforded the desired ester 
product (5e) with little isomerization of the sen- 
sitive trisubstituted alkene. Notably, substrates 
containing a phosphine-sensitive alkyl bromide 
(5h) and azide (5i) coupled efficiently, which 
would likely be problematic when using a cat- 
alytic PCI) redox-cycling strategy. It was also 
possible to use p-toluenesulfonic acid mono- 
hydrate as a pronucleophile (5j). This provides 
access to a valuable alkyl tosylate electrophile, 
avoiding use of a toxic sulfonyl chloride and 
the associated stoichiometric base. 

A hallmark of the Mitsunobu reaction is sec- 
ondary alcohol inversion. Acyclic, cyclic, and ben- 
zylic chiral nonracemic secondary alcohols were 
found to undergo efficient inversion reactions with 
either 2,4-dinitrobenzoic acid or 2-nitrobenzoic 
acid. Substrates containing ether (51), alkene (6m), 
aryl chloride (50), sulfone (5q), and silyl ether 
(5r) functional groups afforded the correspond- 
ing inverted esters in good to excellent yields. 
Benzylic alcohols 4t and 4u gave the desired 
ester products with excellent yields and high 
levels of inversion when the less acidic 2- 
nitrobenzoic acid was used as the coupling 
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reochemistry, and gen- 


partner. In these more sensitive cases, competing 
elimination erodes the yield, whereas loss of 
stereochemical integrity presumably occurs from 
Fischer esterification or racemizing first-order 
nucleophilic substitution (Sy) reactions. Electron- 
deficient alcohols were also challenging substrates; 
however, in the case of alcohol 41, low reactivity 
could be overcome by increasing the catalyst 
loading, which gave 51 with excellent yield and 
selectivity. The desired inverted ester was also 
obtained when natural 50-cholestan-3f-ol (4:v) 
was subjected to the reaction conditions. In the 
case of cholesterol (5x) and exvo-norborneol (5w), 
the corresponding esters were formed with reten- 
tion of configuration due to anchimeric partici- 
pation of the alkene and the nature of the bicyclic 
ring system, respectively (38). 

We next sought to extend the method to en- 
compass carbon-nitrogen and carbon-sulfur bond 
formations. Using dibenzenesulfonimide as a 
pronucleophile allowed access to a range of 
N,N-bis-sulfonamide derivatives (Sy to 5ab). 
The N,N-bis-sulfonamide moiety can be depro- 
tected to afford either the sulfonamide or pri- 
mary amine (39). The utility of this reaction was 
demonstrated in the efficient synthesis of the 
orthogonally protected diamine 5z from amino 
alcohol precursor 4z. Critically, reaction with 
(+)-2-octanol was shown to occur with excellent 
inversion of stereochemistry (Sab). Thioester 
(Sac) was also accessed by using thiobenzoic 
acid and 1-decanol as coupling partners, dem- 
onstrating the viability of carbon-sulfur bond 
formation, albeit with lower efficiency. 
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for nucleophilic substitution of alcohols with inversion of stereochemistry. 
equiv, equivalent. (C) Catalytic variants of the Mitsunobu reaction based on 
recycling with exogenous redox reagents. (D) Design of a redox-free catalytic 
Mitsunobu inversion based on a phosphorus organocatalysis platform. 


Often, the ester products formed by Mitsunobu 
inversion are immediately hydrolyzed to yield 
the inverted alcohol. The non-natural isomer 
of steroid 5a-cholestan-3B-ol, '7, was synthesized 
on scale (4.37 g, 56%) in two steps by using a 
catalytic Mitsunobu esterification protocol fol- 
lowed by ester hydrolysis, with only a solvent 
exchange between the steps. Catalyst 1 and the 
carboxylic acid were recovered from the final 
mixture in 91 and 87% yield, respectively, and 
subsequently reused in catalytic esterification of 
substrates 5f and 5g with no loss of yield. In 
principle, this recycling strategy could be con- 
sidered an effective implementation of the ideal 
inversion reaction depicted in Fig. 1A. 

To further demonstrate the scope and ap- 
plicability of the new Mitsunobu protocol, we 
next investigated the use of phenols as coupling 
partners. Although phenol itself is not acidic 
enough to participate in catalytic Mitsunobu 
couplings directly as a pronucleophile, we rea- 
soned that a one-pot tosylation-etherification pro- 
tocol could be developed. This was exemplified 
through the synthesis of the antituberculosis agent 
thiocarlide 10 (Fig. 2). A catalytic Mitsunobu reac- 
tion between isoamyl alcohol and p-toluenesulfonic 
acid monohydrate afforded isoamyl tosylate, which 
was reacted with 4-nitrophenol in situ to afford 
the ether product 9. This one-pot etherification 
protocol provides a convenient and atom- 
economical alternative to existing phenol alkyl- 
ation reactions and avoids stoichiometric and 
toxic alcohol-activating agents such as p- 
toluenesulfonyl chloride or phosphorus tribromide. 
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56% over 2 steps 


TsOH+H,0, 


i el 1 (5 mol%) 


Me 4-nitrophenol 
Cs,CO3 


CS, 
DMAP (10 mol%) 


ees s a 
Me nok ST Me 
eee 
H H 


Thiocarlide (10) 


* 43% overall yield. 

* 85% TSOH.H,O recovered. 

¢ Avoids handling alkyl 
halides or tosyl chloride. 


Ether synthesis 


4 (10 mol%) 
TfOH (10 mol%) 


hia Pa a Me 
US OH toluene, A, “Oe, 
i Dean-Stark, 30 h 12 78% 


Fig. 2. Substrate scope of the catalytic Mitsunobu inversion reaction. 
Reactions carried out in either toluene or xylenes (1- to 2-mmol scale with 
respect to the alcohol unless otherwise stated); all yields are isolated yields. 
*lsomerization of alkene accounts for ~10% of the yield. fReaction performed 
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HO : 
a : 
! , * Catalytic alcohol coupling 
Ph7 1 i" using TfOH co-catayst. 
Ph : 
2. Me Me! 
a Oo, : 
HO” ~CF; : 


with reclaimed acid and catalyst. +5 mol % of catalyst used. §40 mol % catalyst 
used. ¥Portion-wise addition of the acid. #20 mol % of catalyst used. **25 mol Y% 
of catalyst used. +{2 equivalents of alcohol used. DMAP, 4-dimethylaminopyridine; 
de., diastereoisomeric excess; d.r., diastereoisomeric ratio; m.p., melting point. 
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A Labelling study demonstrates oxygen transfer 
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Ph Ph 
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e.e. % 19% e.e. een) 98% e.e. (inversion) 22% e.e. (retention) 15% e.e. (retention) 


C Possible catalytic intermediates 2 and 3 generated by an alternative activation method 


TIOH * 
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no catalyst: 34% 


Fig. 3. Mechanistic investigation. (A) Oxygen-18 labeling demonstrates transfer of oxygen from 
the alcohol substrate to the catalyst. (B) Catalyst analogs, which cannot engage in cyclization and 
formation of proposed phosphonium intermediate 2, are not active catalysts. (C) Synthesis of 


possible catalytic intermediates 2 and 3. (D) Phos 


phonium intermediate 2 catalyzes etherification of 


decanol in analogy to phosphine oxide 1. r.t., room temperature. 


The tosic acid was recovered (87%) from the crude 
reaction mixture. Subsequent reduction and 
thiourea formation afforded the active phar- 
maceutical ingredient 10. This synthesis dem- 
onstrates that the catalytic Mitsunobu protocol is 
valuable in contexts other than inversion and that 
alternative acidic pronucleophiles can be used. 

Finally, we were able to demonstrate a man- 
ifold in which the coupled alcohol product can 
act directly as an electrophile. When triflic acid 
is used with phosphine oxide 1 as a cocatalyst 
(Fig. 2), the Mitsunobu-generated alkyl triflate 
(40) is reactive enough to undergo in situ al- 
kylation with remaining alcohol to afford the 
symmetrical ether 12 and regenerate the triflic 
acid cocatalyst (materials and methods). This 
phosphine oxide-cocatalyst manifold (Fig. 2) 
may allow the development of reactions in 
which toxic alkylating agents are formed and 
reacted with a range of nucleophiles in situ, 
avoiding the need to handle such species. 

To assess the catalytic dehydration platform 
depicted in Fig. 1D, we carried out mechanistic 
studies beginning with an isotope labeling expe- 
riment, whereby 2,4-dinitrobenzoic acid and 
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18Q-enriched 1-decanol were subjected to the 
reaction conditions (Fig. 3A). The ester product 
was obtained with high '°O incorporation, and 
the recovered catalyst was found to contain 74% 
189. This result, along with the excellent en- 
antioselectivities obtained for secondary alco- 
hol substrates, is consistent with the expected 
oxygen transfer from the alcohol to the catalyst. 
We next examined structural changes to the 
catalyst. An initial control experiment in the 
absence of the catalyst yielded the benzoic ester 
product in 10% yield after 30 hours with 19% e.e. 
for the retention product (Fig. 3B). We presume 
that the loss of stereochemical integrity during 
the reaction arises through a combination of 
a Fischer esterification and a racemizing Syl 
mechanism. We next probed the posited role of 
the hydroxyl group using phosphine oxides 13 
and 14, neither of which were catalytically active 
(Fig. 3B). In both cases, formation of the pro- 
posed five-membered phosphonium species 2 
is precluded. Phosphine oxide 14 has a *'P shift 
[39.4 parts per million (ppm)] similar to the 
active catalyst 1 (38.3 ppm), indicating a similar 
amount of phosphoryl activation (phosphonium 
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character) and demonstrating a role for the hydroxyl 
group beyond simple hydrogen-bond activation of 
the phosphorus-oxygen bond. 

We next sought to identify reaction intermedi- 
ates by monitoring the reaction using *"P and 
+H nuclear magnetic resonance (NMR) spec- 
troscopy. However, the only phosphorus species 
observed in aliquots of the catalytic reaction was 
the phosphine oxide 1 (figs. S8 and S9). Given that 
activated phosphonium intermediates are typi- 
cally hydrolytically sensitive and that phos- 
phine oxide activation requires dehydration at 
elevated temperature under Dean-Stark condi- 
tions, we designed an alternative method to 
access possible catalytic intermediates avoiding 
the generation of water. To this end, activation of 
phosphine oxide 1 with triflic anhydride at room 
temperature (Fig. 3C) resulted in a species, whose 
1p 3c, and 'H NMR data were consistent with 
phosphonium triflate 2. Subsequent addition of 
decanol afforded the acyclic alkoxyphospho- 
nium triflate 3. Finally, phosphonium triflate 2 
was demonstrated to be catalytically active and 
promoted etherification in analogy to phosphine 
oxide 1 (Fig. 3D). In summary, the experiments 
described above and in the supplementary ma- 
terial are congruous with the catalytic cycle de- 
picted in Fig. 1D, where dehydration to afford 
phosphonium intermediates is likely to be turnover- 
limiting and dependent on a geometrically 
important hydroxyl group; hydrogen-bond avail- 
ability alone is insufficient to account for the 
reactivity. The labeling study and stereochemical 
inversion are consistent with the carbon-nucleophile 
bond formation occurring from an alkoxyphos- 
phonium salt-nucleophile ion pair in accord with 
the classical Mitsunobu reaction. 

The elimination of redox chemistry in our 
catalytic Mitsunobu protocol obviates the need 
for terminal oxidants and reductants and re- 
sults in substantially increased reaction mass 
efficiency of 65% (fig. S14) (41). The established 
organophosphorus-catalyzed dehydration mani- 
fold has potential applications in a range of other 
classical phosphorus-mediated transformations. 
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Skyrmion lattice with a giant 
topological Hall effect in a frustrated 
triangular-lattice magnet 


Takashi Kurumaji’*, Taro Nakajima’, Max Hirschberger’, Akiko Kikkawa’, 
Yuichi Yamasaki"”**, Hajime Sagayama*, Hironori Nakao“, Yasujiro Taguchi’, 


Taka-hisa Arima’, Yoshinori Tokura”® 


Geometrically frustrated magnets can host complex spin textures, leading to 
unconventional electromagnetic responses. Magnetic frustration may also promote 
topologically nontrivial spin states such as magnetic skyrmions. Experimentally, 
however, skyrmions have largely been observed in noncentrosymmetric lattice 
structures or interfacial symmetry-breaking heterostructures. Here, we report the 
emergence of a Bloch-type skyrmion state in the frustrated centrosymmetric 
triangular-lattice magnet GdzPdSi3. We observed a giant topological Hall response, 
indicating a field-induced skyrmion phase, which is further corroborated by the 
observation of in-plane spin modulation probed by resonant x-ray scattering. Our 
results may lead to further discoveries of emergent electrodynamics in magnetically 


frustrated centrosymmetric materials. 


n geometrically frustrated magnets, where 
competing interactions among localized spins 
cannot be simultaneously satisfied, conven- 
tional magnetic orders are suppressed. Con- 
sequently, spins strongly fluctuate and can 
form a disordered state known as a spin-liquid 
state (J) or occasionally find a route to various 
spin textures, including spin-spiral orders or 
more-complex noncoplanar orders (2, 3). These 
spin states are mutually competing in energy, 
resulting in a complex magnetic phase dia- 
gram with respect to temperature, magnetic 
field, and pressure. An emerging spin state 
can be characterized from the perspective of 
geometrical correlation of spin vectors (S,;) 
on neighboring sites (7, j, k) in a lattice. For 
example, the vector spin chirality S; x S; de- 
scribes the handedness of a spin spiral (4), 
and the scalar spin chirality S; - (S; x S;,) is 
connected to time-reversal symmetry breaking 
(5, 6). These composite spin parameters couple 
with charge degrees of freedom in a correlated 
electron system, causing unconventional elec- 
tromagnetic responses (7-10). Exploration of pre- 
viously unknown spin textures via magnetic 
frustration has been one of the recent central 
directions in condensed matter physics. 
Spin configurations are characterized by topo- 
logical numbers, which remain intact under local 
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deformation or weak fluctuations (17). Since the 
discovery of magnetic skyrmion states in chiral 
magnets (12, 13), this concept has attracted grow- 
ing interest. The magnetic skyrmion is a vortex- 
like nanometric spin structure that carries an 
integer topological number describing how many 
times magnetic moments within a skyrmion wrap 
a sphere (/4). This quantization defines the par- 
ticle nature of this spin texture with sensitivity 
to the electronic current and external electric 
and magnetic fields, highlighting the potential 
of magnetic skyrmions as information carriers 
(15). Extensive studies have successfully identi- 
fied skyrmion-hosting materials in the form of 
both bulk compounds (16) and multilayer thin- 
film structures (17). From those, one can estab- 
lish an empirical design principle for skyrmions 
(18, 19): They appear in crystallographic lattice 
structures that lack inversion symmetry in or 
at the interfaces. These asymmetries cause the 
relativistic Dzyaloshinskii-Moriya (DM) interac- 
tion (20, 21), which inherently prefers twisted 
spin configurations. More recently, this dogma 
has been challenged in theories (22-24) that 
propose spontaneous symmetry breaking by 
stabilizing the skyrmion state in centrosym- 
metric lattices via magnetic frustration. How- 
ever, experimental realization and observation 
of unconventional electronic responses have re- 
mained elusive. 

Here, we demonstrate that the metallic mag- 
net Gd,PdSiz, composed of a triangular-lattice 
network of Gd atoms (Fig. 1A) in the centrosym- 
metric hexagonal structure, hosts a skyrmion- 
lattice (SKL) state upon the application of a 
magnetic field (H) perpendicular to the triangular- 
lattice plane, which is robust down to the lowest 
measured temperature. The transition into the 
topological spin state is characterized by a prom- 
inent topological Hall response (25, 26), in sharp 
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contrast to the adjacent magnetic phases. Using 
resonant x-ray scattering (RXS), we identify 
the long-range order of Gd spins modulated in 
the triangular lattice plane. The spin texture 
of the field-induced SkL phase is consistent 
with a triangular-lattice of Bloch-type skyrmions 
(Fig. 1B). 

Gd,PdSiz belongs to a family of rare-earth 
intermetallics of the form R2PdSiz (R, rare-earth 
element) (27). Its crystal structure is derived 
from the simple AIB.-type structure, with a 
triangular-lattice of R atoms sandwiching a non- 
magnetic honeycomb-lattice layer composed 
of Pd and Si atoms (Fig. 1A). Owing to the dif- 
ference in atomic size, Si and Pd atoms order 
into a superstructure along both in- and out-of- 
plane directions (28), whereas the overall struc- 
ture retains centrosymmetry (fig. SIA). This 
excludes the DM interaction as a source of the 
skyrmion state. Instead, the Ruderman-Kittel- 
Kasuya-Yosida (RKKY)-type interaction among 
the local 4f moments dominates (29-31; RKKY 
interactions on the triangular network of 4f 
moments in R,PdSiz are moderately frustrated 
(32) and show rich magnetic phases, includ- 
ing modulated structures (33). Specifically, 
in Gd,PdSiz, metamagnetic transitions have 
been observed under a magnetic field applied 
perpendicular to the triangular lattice, accom- 
panied by nonmonotonic variations of long- 
itudinal and transverse transport properties 
(34). These features suggest strong coupling 
between conduction electrons and Gd spins and 
indicate that unconventional spin structures may 
emerge in the triangular-lattice network of Gd 
4f moments. 

We first compare the magnetic phase dia- 
gram determined by the ac susceptibility (y’) 
for H ||cin Gd2PdSig (Fig. 1C) with the contour 
mapping of the topological response of each 
phase probed by the topological Hall resistivity 
Pua (Fig. 1D). Owing to the topological nature of 
skyrmions, they show characteristic emergent 
electrodynamic responses (J4). In metallic ma- 
terials, in particular, the scalar spin chirality of 
skyrmions acts like a fictitious magnetic field, 
which generates a transverse motion of electrons; 
this is known as the topological Hall effect (THE) 
(25, 26, 35). The transverse resistivity p,, is gen- 
erally made up of three components 


where the first and second terms are the normal 
and anomalous Hall resistivities proportional to 
the magnetic induction field B and the magneti- 
zation M, respectively, and the third term repre- 
sents the topological component. Because the first 
two terms can be determined from magnetization 
measurements, Dae can be extracted reliably and 
is considered a good probe for the existence of 
skyrmions or related topological spin states 
in various materials (36). As shown in Fig. 1C, 
peaks in x’ with respect to H (fig. $2) define 
the phase boundaries for the three magnetic 
phases (IC-1, A, and IC-2) in addition to the 
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paramagnetic (PM) state (34). In the H-T phase 
diagram, we overlay the contour plot of Dae 
(Fig. 1D), which is deduced from the Hall resis- 
tivity measurements. The enhanced topological 
Hall signal appearing exclusively in the A-phase 
region suggests that in Gd2PdSiz the appli- 
cation of H induces topological phase tran- 
sitions in the context of spin textures. The 
magnitude of the THE at the lowest temper- 
ature is as large as 2.6 microhm-cm, which is 
one or two orders of magnitude larger than 
that in other skyrmion-hosting materials such 
as MnSi (40 nanohm-cm under high pressure) 
(25, 26, 35, 37) and FeGe (0.16 microhm-cm in 
a thin film) (38). This must be partly caused 
by a shorter wavelength of the spin modula- 
tion (~2.5 nm) (fig. $5), which squeezes the em- 
ergent magnetic flux of a skyrmion, in contrast 
to the relatively large size of skyrmions (10 to 
100 nm) in typical noncentrosymmetric (chiral 
or polar) magnets (36). 

To corroborate the observation of the THE in 
the A phase, we show a typical p,,—H curve 
together with the M for H|||c at 2 K (Fig. 2A). A 
sharp positive enhancement of p,,, is apparent 
in the region between two stepwise changes of 
M, defining the first-order-like transitions to and 
from the A phase. On the contrary, in the IC-2 
phase and higher-field region, p,,, stays negative 
with nearly field-linear behavior, at least up to 
140 kOe (fig. S3A), where lM is 13.7 pp/fu. (where 
Lp is the Bohr magneton and f.u. is formula unit), 
approaching the saturation value expected for 
the value of local Gd moment. In principle, this 
nearly saturated phase hosts a topologically triv- 
ial spin arrangement, allowing us to describe the 
Hall response with the first two terms in Eq. 1. 
The black solid line in Fig. 2A shows the fit to 
the high-field data of p,,.,. The fitting quality 
is excellent for all measured temperatures 
(fig. S3A), which allows us to unambiguously 
extract py, from p,. (Figs. 2B and 1C). The 
quality of the fit is not substantially affected 
by using a different formula—e.g., assuming 
skew scattering type anomalous Hall effect (fig. 
S4). Figure 2C shows the evolution of the peak 
in Paw with temperature. Continuous decrease of 
Pow toward zero around 20 K suggests that this 
response is affected by the magnitude of the 
molecular field from 4f moment on the conduc- 
tion electron through an f-d coupling, consist- 
ent with the scalar spin chirality model for the 
THE (35). The effective magnetic field (Beg) for 
the maximum Pra is around —39 T (39), which 
is a factor of 0.07(=P) smaller than the bare 
emergent magnetic field (Ben ~ -570 T) esti- 
mated from the skyrmion density. The polariza- 
tion factor P is one order of magnitude smaller 
than those in MnSi under pressure (P ~ 0.25 to 
0.38) and slightly-doped Mn,_,Fe,Si (P ~ 0.3 to 
0.45) (37). This may be caused by the moderate 
f-d coupling in the present rare-earth system 
as compared with the strong d-d coupling in 
transition metal compounds. 

To further examine the nature of the SKL state 
in the A phase, we present the Hall resistivity as a 
function of the angle between H and the ¢ axis 
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in the experimental configuration illustrated 
in the inset of Fig. 2D. At ¢ = 0°(A||c) with 
H = 9.9 kOe in the A phase, p,,, starts from a 
large positive value. As H rotates clockwise 
away from the ¢ axis, the value of Pya remains 
flat until it experiences an abrupt drop to near 
zero at around = 45°. A hysteresis with a 
width of ~15° is observed between clockwise 
and counterclockwise rotation scans of H, point- 
ing to the first-order nature of this H-direction- 
sensitive phase transition. This should be 
compared to thin-film systems (40, 47), in which 
the SKL is confined in a two-dimensional space 
and survives only when H is oriented nearly 


A 


Pd/Si 
d 


perpendicular to the lattice plane. Similar be- 
havior may be expected for the present system 
composed of stacked triangular-lattice layers. 
The above observation provides a measure of the 
topological number for the spin texture where 
the topological Hall signal sharply transitions 
from finite to zero upon the destabilization of 
the SKL state. In contrast, at H = 40 kOe, far 
above the upper critical field of the A phase, a 
smooth evolution of p,. is observed with neg- 
ligible hysteresis. This high-field Pres the absolute 
magnitude of which is much smaller than the 
SKL signal, follows cos (black solid line in 
Fig. 2D), indicating that M closely follows the 
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Fig. 1. Phase diagram and THE in Gd2PdSis3. (A) Basic AlB2-type crystal structure for Gd2PdSis. 
(B) Illustration of the spin texture in the SkL state. Each arrow indicates a magnetic moment at each 


Gd site. (© and D) Contour plot of (C) x’ and (D) Pyx 


for H||c (see text for definition). A represents 


the SkL phase and PM the paramagnetic phase. IC-1 and IC-2 denote incommensurate spin-state 
phases in near-zero and high-field regions, respectively. Circular (triangular) symbols were determined 
by a peak or a kink in the x’-H (x’-T) scan (fig. S2). emu, electromagnetic units; mol, molar. 
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rotating H and that the projections of M and 
B to the c axis produce the first two terms in 
Eq. 1 as dominant contributions to p,,, outside 
the A-phase region. 

Having identified the emergence of a topo- 
logical electromagnetic response in the A phase, 
we examined the Gd spin structure under H 
along the c axis by means of the magnetic RXS 
in resonance with the Gd L, edge. We observed 
the magnetic modulation along in-plane direc- 
tions represented by the reciprocal-space vector 
Q, = (g, 0, 0) [and equivalent Q, = (0, -g, 0) and 
Q; = (g, -g, 0)] in the magnetically ordered 
phase (39). Here, g (~ 0.14 reciprocal lattice unit) 
is the magnetic modulation wave number. In 
Fig. 3, A and B, we show & and gq, respectively, 
as a function of H, which is applied along the 
c axis; the data were taken at 5 K. To define 
the phase boundary for each phase, we show 
the difference AM between the measurements 
of M for the H-increasing and H-decreasing 
scans (Fig. 3A). In the IC-1 phase, qg is almost 
independent of H and starts to gradually in- 
crease on entering the A phase and, further- 
more, the IC-2 state. Despite the clear first-order 
nature for each transition (vertical gray lines), 
q shows merely a weak kink at each phase 
boundary and changes only 4% in total between 
0 Oe in the IC-1 phase and 20 kOe in the IC-2 
phase. The orientation of the Q vectors with 
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respect to the triangular lattice does not change 
across these metamagnetic transitions. This re- 
stricts the candidate spin textures for each phase 
to the spin modulations with one or several 
equivalent Q vectors plus a component of ho- 
mogeneous magnetization (q = 0) along the c 
axis. This is consistent with the intermediate- 
field SKL state, which can be seen as a super- 
position of three spiral spin modulations with 
their magnetic modulation vectors lying in the 
triangular-lattice plane and pointing 120° away 
from each other. 

Figure 3C shows the H dependence of the 
scattering intensities for respective satellite peaks 
for the three Q vectors measured around a Bragg 
spot (2, 2, 0) in the H-decreasing scan. Starting 
from the high-field IC-2 phase region (10 kOe < H 
< 20 kOe), we observed that the intensity for one 
of the Q vectors (Ja, ) is markedly weak compared 
with Jg, and Jg,. A fanlike structure (fig. S7A) 
provides a good explanation for this feature as 
follows. Polarization analysis of the scattered 
x-ray, which enables decomposition of the in- 
plane (m,) and out-of-plane (m,) components 
of the modulated magnetic moment (39), re- 
veals the negligibly weak modulating m, com- 
ponent (fig. S6B) for the magnetic structure of 
the IC-2 state. We thus propose that a possible 
magnetic structure for the IC-2 state is a fan- 
like or a transverse conical structure (fig. $7, A 
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Fig. 2. emperature and angular dependence of the THE in GdzPdSis3. (A) H dependence of py, 
(left y axis) and M (right y axis) for H||c at 2 K. The red (blue) curve represents the H-increasing 
(H-decreasing) scan. The black curve indicates the sum of the normal (P)y) and anomalous (Pi) 
components of Hall resistivity. ug, Bohr magneton; f.u., formula unit. (B) H dependence of topological 
Hall component Pye at various temperatures. (C) Temperature dependence of the maximum values of 
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and B), both of which lack global scalar spin 
chirality in accord with the absence of a topo- 
logical contribution in p,,,. Of the two proposed 
magnetic structures, the fan model gives a better 
fit to the observed intensity, although both fits 
deviate from experimental observations. The 
observed imbalance of the scattering intensity 
among the three Q domains is suggestive of the 
single-Q nature of this phase and stems per- 
haps from residual strains on the sample in- 
duced by shaping and attaching it on the sample 
holder (42). 

With decreasing H (Fig. 3C), the intensities 
for all the three Q vectors show a stepwise in- 
crease upon entering the A phase. Such a simul- 
taneous increase of intensity for every Q is 
associated with the developing m, (modula- 
tion component), as shown in Fig. 3D, which 
is absent in the IC-2 phase. This fact points to 
a noncoplanar spin texture in the topological 
A phase. When H decreases further (Fig. 3C), 
the intensity for each Q vector is almost un- 
changed, whereas a prominent peak in AM (Fig. 
3A) suggests a first-order phase transition from 
the A phase to the IC-1 phase. The polarization 
analysis reveals the presence of an m, com- 
ponent (fig. S6A) comparable with that of the 
A phase, suggesting a similarity of the spin con- 
figurations for both phases. 

Looking back to the polarization analysis for 
the A phase (Fig. 3D), the intensity /,_, for the 
n-n' channel (7m?) is of nearly the same mag- 
nitude for all Q;, consistent with the triple-Q 
nature of the skyrmion state. J, (© (m, - ki)”) 
is, on the other hand, correlated with m, to 
show clear Q; dependence. For the Bloch-type 
SKL state, the spin texture is composed of a 
superposition of the three proper-screw spin 
modulations (Fig. 3E), where m, is perpendic- 
ular to each Q,; vector (Fig. 3E, inset). As shown 
in Fig. 3F and the corresponding inset, the di- 
rection of Q, is particularly closer to k, than are 
the directions of Q; and Q;—i.e., the direction of 
m, for Q, is closer to the direction normal to k; 
than those for Q; and Q;. This feature is con- 
sistent with the Q; dependence of /,_,. Further- 
more, a quantitative comparison between the 
calculated and observed intensities reveals that 
the magnetic structures in the A phase can be 
reproduced by hybridization of the three proper 
screws with equivalent amplitude plus the uni- 
form moment along 2 (fig. S6C), consistent with 
the picture of the Bloch-type SkL state. This 
spin texture spontaneously breaks the inver- 
sion symmetry and potentially hosts domains 
for handedness of skyrmions. Preference for 
the Bloch-type spin configuration over the 
Néel or the antiskyrmion type is consistent 
with the effect of the dipole-dipole interaction 
(14, 43), which is generally substantial in Gd 
compounds. 

The scattering intensities in the IC-1 state 
(fig. S6, A and C) suggest that the IC-1 state may 
also be of triple-Q nature but forms a spin tex- 
ture topologically distinct from that of the A 
phase. A degree of freedom for the phase (¢;) 
remains among the three helical modulations 
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phase region. Red [blue] circles denote the n-n’ [n-o'] channel, which is 


(39). When the ¢; for each Q; vector is 0 (mod 
2n), the triple-Q state is equivalent to the Bloch- 
type SKL state, as exemplified by the A phase. 
For ¢; = 1/6, the triple-Q state is composed of 
a triangular-lattice of merons and antimerons 
(fig. S7C) with no net scalar spin chirality at zero 
field; this is compatible with the observed fea- 
tures for the IC-1 state (39). The possible emer- 
gence of a triple-Q zero-field ground state (IC-1) 
may be a notable difference from the conven- 
tional noncentrosymmetric skyrmion-hosting 
systems, which typically show a single-Q helical 
state as the zero-field state (36). We also note 
unconventional features beyond the conven- 
tional helical or conical state in the IC-1 phase. 
As shown in Fig. 2B, Paw starts to gradually 
increase from zero field before a steep increase 
characterizing the transition to the skyrmion 
state, which can be explained by the proposed 
noncoplanar nature in the IC-1 state: The meron- 
antimeron lattice can show an H-induced scalar 
spin chirality (39). 

According to existing theories, skyrmion phase 
down to the lowest temperature is enabled by 
the magnetic frustration with support from 
additional effects, such as magnetic anisotropy 
owing to the spin-orbit coupling (23, 44) and 
higher-order RKKY-like interaction (24). Nota- 
bly, it is predicted that the latter mechanism 
can stabilize a zero-field multiple-Q state (albeit 


Kurumaji et al., Science 365, 914-918 (2019) 


Iq,(2+9, 2-q, 0) 


20 


(2, 2, 0) +/-Q, 5 K, 7 kOe, A (SkL) 


(2, k, 0) 


(h, 4 - h, 0) 


1.86 
k(r.1. uw.) 


2.14 
h(t. 1. u.) 


3 D 
= (h, 2, 0) 
28 a 
oe 3 
= & 
= > 
~— = 
on 
© 
® 
a] 
iS 
1.84 1.88 1.84 
Nett 
. ca a 
ri Fee 
fbsres 
Nae y 
Noles 
of wr 
soot 
707 ™* 
farts 
yee’ 
Nos 
on 
ee 
ee 
$ fae 


not identical with the present IC-1 state) (45), 
suggesting that nearly degenerate multiple-Q 
orders may exist in the ground state of the 
RKKY-based intermetallics. We observe that 
the magnetic structure for the IC-1 phase shows a 
certain ellipticity of the spin-spiral form (fig. S9), 
which suggests that weak easy-plane anisotropy 
may play a role in stabilizing the IC-1 state. 

In addition to the enhanced THE, it has been 
theoretically predicted that the skyrmion in a 
centrosymmetric lattice shows distinctive prop- 
erties, such as the compatible formation of 
antiskyrmion with skyrmion (22, 23) and the 
helicity-dependent current responses (43, 44). 
These properties provide the skyrmions as 
individual particles with internal degrees of 
freedom, which are absent in noncentrosym- 
metric systems with innate chirality or polarity. 
The conduction-electron-mediated competing 
magnetic interactions on a geometrically frus- 
trated lattice will provide a platform for em- 
ergent electrodynamics owing to topological 
spin textures and will provide a link between 
the concepts of spin topology and magnetic 
frustration. 
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Rhizobial tRNA-derived small RNAs 
are signal molecules regulating 


plant nodulation 


Bo Ren™, Xutong Wang™, Jingbo Duan’, Jianxin Ma™?+ 


Rhizobial infection and root nodule formation in legumes require recognition of signal 
molecules produced by the bacteria and their hosts. Here, we show that rhizobial transfer 
RNA (tRNA)-derived small RNA fragments (tRFs) are signal molecules that modulate host 
nodulation. Three families of rhizobial tRFs were confirmed to regulate host genes 
associated with nodule initiation and development through hijacking the host RNA- 
interference machinery that involves ARGONAUTE 1. Silencing individual tRFs with the use 
of short tandem target mimics or by overexpressing their targets represses root hair curling 
and nodule formation, whereas repressing these targets with artificial microRNAs identical 
to the respective tRFs or mutating these targets with CRISPR-Cas9 promotes nodulation. 
Our findings thus uncover a bacterial small RNA—mediated mechanism for prokaryote- 
eukaryote interaction and may pave the way for enhancing nodulation efficiency in legumes. 


ymbiotic nitrogen fixation by the bacteria 
Rhizobia, which occurs in specialized root 
organs known as nodules of legumes, pro- 
vides usable nitrogen to plants in agricultural 
and natural ecosystems. The establishment 
of rhizobia-legume symbiosis is dependent on 
recognition of signal molecules between the 
partners. Upon perception of plant flavonoids, 
rhizobia secrete lipo-chitooligosaccharidic nod- 
ulation factors, which induce root hairs to curl 
around the bacteria and develop infection treads 
that allow bacteria to penetrate into the cortical 
cells of the roots to form nodules (J). Because 
symbiotic nitrogen fixation is resource intensive, 
legumes have evolved a number of mechanisms 
to control nodule numbers (2). Here, we describe 


Fig. 1. Rhizobial tRFs and their putative 
target genes in soybean. (A) Origins 

of three rhizobial tRFs. Anticodons in 
corresponding tRNAs are colored in blue. 
(B) Abundance of the three tRFs, 
measured by means of stem-loop quanti- 
tative RT-PCR, in free-living B. japonicum 
(B. j.) USDA110 (1) and 10-day and 
20-day post-inoculation (dpi) nodules 

(2 and 3, respectively). (C) Expression of 
the putative tRF target genes, measured 
with quantitative RT-PCR, in the 10-day-old 
and 20-day-old nodules (2 and 4) and 
uninoculated soybean roots (1 and 3). 
Values in (B) and (C), with one set as “1” 
and the others adjusted accordingly, are 
shown as means + SE from three biological 
replicates. Asterisks indicate the signifi- 
cance level at P < 0.01 (Student's t test). 
(D) The three tRFs, their putative target 
transcripts, and the cleavage sites and fre- 
quencies (indicated with arrows and ratios) 
were detected in the 20-dpi nodules. 
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a mechanism by which the bacteria regulate 
nodule numbers. 

Transfer RNA (tRNA)-derived small RNA frag- 
ments (tRFs) are found in both prokaryotes and 
eukaryotes. Originally thought to be random de- 
gradation products, tRFs are specifically cleaved 
from mature tRNAs and often accumulate in 
stressed or virally infected cells (3). Some tRFs, 
akin to microRNAs (miRNAs), are bound by 
Argonaute (AGO) proteins, suggesting that they 
may use an miRNA-like mechanism to regulate 
gene expression (4). tRFs can target and repress 
retrotransposons through an RNA interference 
(RNAi)-mediated silencing pathway (5). We asked 
whether tRFs are involved in cross-kingdom 
communications. 


We studied the soybean (Glycine max) and 
the rhizobium (Bradyrhizobium japonicum) as 
symbiotic partners to address this question. All 
50 rhizobial tRNAs produced tRFs in both the 
Rhizobium (strain USDA110) culture and the 
10-day-old and 20-day-old soybean (cultivar 
Williams 82) nodules, most were 18 to 24 nucle- 
otides (nt) in size, and abundance varied (Fig. 1A 
and figs. S1 and S2). Overall, the tRFs in the 
nodules are more abundant than those in the 
culture, with 21-nt tRFs—primarily derived from 
the 3’ ends of the tRNAs—most abundant (figs. S2 
and S3 and table S1). 

A total of 52 soybean genes in the soybean 
genome (6) were predicted to be targets of 25 
distinct 21- or 22-nt rhizobial tRFs, with a rel- 
ative abundance of >100 copies per million 
rhizobial small RNA reads (table S1). These 
tRFs were neither found in small RNA libraries 
from non-nodule soybean tissues (table S2) (7) 
nor predicted to target rhizobial genes. Of the 52 
soybean genes, GmRHD3a/GmRHD3b, GnHAM4a/ 
GmHAM4b, and GmLRX5—which are orthologs 
of the Arabidopsis ROOT HAIR DIRECTIVE 3 (RHD3), 
HAIRY MERISTEM 4 (HAM4), and LEUCINE- 
RICH REPEAT EXTENSION-LIKE 5 (LRX5), 
respectively—attracted our attention because 
these Arabidopsis genes are important for root 
hair and plant development (8-10). These soybean 
genes were predicted to be the targets of three 
rhizobial tRFs—dubbed Bj-tRFOO1, Bj-tRFO02, and 
Bj-tRFO03—which are the predominant products 
derived from three tRNAs: Val-1-tRNA(CAC), Gly- 
1tRNA(UCC), and Gln-1-tRNA(CUG), respectively 
(Fig. 1A). Enrichment of the three tRFs in the 
nodules compared with the rhizobium culture 
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was further validated by means of stem-loop 
quantitative reverse transcription polymerase 
chain reaction (RT-PCR) (Fig. 1B and fig. S4), 
and reduced expression of the five soybean genes 
in the nodules compared with the uninoculated 
roots was revealed with quantitative RT-PCR 
(Fig. 1C). 

Assuming that the reduced expression of these 
soybean genes was caused by the rhizobial tRFs 
through miRNA-like posttranscriptional regula- 
tion, cleavage of the mRNAs from these genes 
at the predicted tRF target sites would have 
occurred. The mRNAs of these genes were pre- 
dominantly cleaved at the predicted tRF target 
sites in the 20-day nodules, whereas none of 
these sites were cleaved in the uninoculated 
roots (Fig. 1D and fig. S5). None of these sites 
are complementary to or were predicted to be 
targeted by previously identified soybean small 
RNAs (7) or newly produced ones in this study. 
Soybean miR171k is the only small RNA pre- 
dicted to target GnHAM4a/GmHAM46, but it 
was primarily expressed in the uninoculated roots 
(9.38 counts per million reads) instead of the 
nodules (0.27 counts per million reads) and thus 
unlikely to be responsible for the observed repres- 
sion of GnHAM4a/GmHAM4b in the nodules. 

To determine whether the repression of the 
GmRHD3a/GmRHD3b, GnHAM4a/GmHAM4b, 
and GmLRX5 expression in the nodules is as- 
sociated with nodulation, we created root mu- 
tants by means of CRISPR-Cas9 (fig. S6) for each 
of the five genes and for both copies of each of 
the two duplicated gene pairs, which were in- 
oculated with USDA110. In all cases examined, 
expression of the edited genes was reduced 
(fig. S7), the roots with edited genes produced 
more nodules than those of the empty-vector 
transgenic controls, and the double mutants 
produced the greatest number of nodules (Fig. 2, 
Aand D). We also developed transgenic roots 
that overexpress GmRHD3b, GmHAM4a, or 
GmLRX5 by the cauliflower mosaic virus (CaMV) 
35S promoter, which exhibited increased expres- 
sion of these genes and reduced nodule numbers 
compared with those of the controls (Fig. 2, B 
and D, and fig. S8A). Thus, these genes are neg- 
ative regulators of nodulation. 

To examine the effects of individual rhizobial 
tRFs on nodulation, we generated transgenic 
short tandem target mimic (STTM) soybean 
roots to silence each of the three rhizobial tRFs 
(fig. S9). Nodule numbers in the STTM roots were 
decreased compared with those of the empty- 
vector transgenic controls (Fig. 2, C and D). 
As expected, relative abundance of the three 
tRFs was decreased, and expression of their 
putative targets was increased (figs. S8B and S10), 
suggesting that these tRFs are positive regulators 
of nodulation and may function through repress- 
ing their putative target genes. 

To understand by which mechanism rhizobial 
tRFs regulate nodulation, we constructed two 
artificial miRNA precursors, @MIR-tRFOOI and 
aMIR-tRF003, by replacing the miR172a and 
miR172a* sequences from the soybean miR172a 
precursor MIR1I72a with rhizobial tRFOO1 and 
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its complementary tRFOO1* or with tRF003 and 
its complementary tRF003* (fig. S11). aMIR-tRFOOI 
and aMIR-tRF003 were expressed separately in 
Williams 82 hairy roots, under the control of 
the 35S promoter, to produce artificial miRNAs 
amiR-tFROO1 and amiR-tFR-003 in the transgenic 
roots (Fig. 3A). Expression of the putative amiR- 
tFRO001 and amiR-tFR003 targets GmRHD3a/3b 
and GmLRX5 was reduced compared with that 
of empty-vector transgenic controls (Fig. 3B), and 
more nodules were produced in the a@MIR-tRFOO1 
and aM7R-tRFO03 transgenic roots than in re- 
spective controls (Fig. 3C). These observations 
suggest that the artificial miRNA/tRF sequences 
directly repressed their putative targets to pro- 
mote nodulation. 
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To determine whether such sequence comple- 
mentarity was necessary for the artificial miRNA/ 
tRF-mediated gene regulation, two sets of fusion 
genes were made by adding each of the 21-base 
pair (bp) of DNA fragments corresponding to the 
three putative tRF target sites (wild type) and 
each of the 21-bp of DNA fragments with 4-bp 
modification at the detected cleavage site (mu- 
tation type) to the coding sequence of the green 
Sluorescence protein (GFP) gene. The fusion genes 
were expressed under the control of the 35S 
promoter in Williams 82 hairy roots separately 
(fig. S12A). Reduction of the GFP activity in the 
“wild-type” roots ~24 hours after inoculation 
with USDA110 was detected, whereas no change 
of the GFP activity in the “mutation type” roots 


Fig. 2. Modulation of soybean nodulation by rhizobial tRFs and their putative targets. 

(A) Knockouts of the putative tRF targets by means of CRISPR-Cas9 (CR) resulted in increased 
nodule numbers. (B) Overexpression (OX) of the putative tRF targets resulted in decreased 
nodule numbers. (C) Silencing of individual tRFs by means of STTM resulted in decreased nodule 
numbers. (D) Nodule numbers, with all data points represented by dots, are shown as box and 
whisker plots displaying 95 to 5% interval from three biological replicates (12 plants per replicate) 
collected 28 days after inoculation. Controls are transgenic roots of empty vectors used for the 
CRISPR-Cas9 knockouts, the gene-overexpression roots, and the STTM tRF-silencing roots, 
respectively. Asterisks indicate the significance level of P < 0.01 (Student's t test). 
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was observed (Fig. 3D and fig. S12B). The rela- 
tive abundance of GFP transcripts was consistent 
with the GFP activity (fig. S12C). These observa- 
tions indicate that the “wild-type” fusion genes 
were negatively regulated through base-pairing 
of their mRNAs at the integrated “target sites” 
with the rhizobial tRFs. 

In Arabidopsis, AGO1 is a component of the 
RNA-induced silencing complexes that mediate 
miRNA-guided cleavage of target mRNAs (J1). 
To determine whether the rhizobial tRFs act 
through the functional counterpart of AGO1 in 
soybean, one (GmAGOIb) of the two soybean 
orthologs of the Arabidopsis AGO] (12), whose 
transcripts are relatively more abundant than 
those of the other (GmAGOla) in soybean root 
nodules (13), was fused with the Myc epitope tag 
and expressed in the hairy roots of Williams 82. 
The fusion protein was immunoprecipitated by the 
Myc antibody from the 20-day nodules induced by 
USDAL1I10. All three rhizobial tRFs were detected 
in the GmAGOI1b-Myc-associated fraction pulled 
down by the Myc antibody but not detected in 
the nodule lysate incubated without the antibody, 
suggesting that these rhizobial tRFs hijacked the 
soybean AGO! to catalyze tRF-guided cleavage of 
target mRNAs in the host cells (Fig. 3E). 

Actually, the tRF-mediated regulation of host 
gene expression was detected at early stages of 
rhizobial infection. At all five time points from 
6 to 72 hours after inoculation with USDA110, 
the abundance of the three tRFs was increased 
in the inoculated root hairs compared with the 
uninoculated root hairs (fig. S13A), whereas the 
expression of their targets was decreased (fig. 
S13B). No differences in root hair number and 
length were observed between the GmRHD3b, 
GmHAM4a, and GmLRX5 overexpression roots 
and the controls or between the tRF-silencing 
STTM roots and the controls (fig. $14), but the 
proportions of deformed and curled root hairs 
were decreased in the overexpression and STTM 
roots compared with respective controls (Fig. 4, 
A to C), suggesting that rhizobial tRFs promote 
rhizobial infection. 

To shed light on the evolutionary conserva- 
tion and divergence of rhizobial tRF-mediated 
host gene regulation, we analyzed sequence 
data from four legumes—soybean, common 
bean (Phaseolus vulgaris), Medicago trunctrula, 
and Lotus japonica (6)—and 12 rhizobium spe- 
cies (14), as well as the GmRHD3a/GmRHD3b, 
GmHAM4a/GmHAM46, and GmLRX5 sequences 
from soybean populations (15, 16). Among 699 
soybean accessions, no sequence variation at 
the three tRF target sites within the five genes 
was found (fig. S15). Among eight B. japonicum 
strains, no sequence variation at the three tRF 
sites within respective rhizobial tRNAs was de- 
tected (fig. S16). By contrast, sequences at the 
target sites diverged among the four legumes 
(fig. S17). In particular, no orthologs of GmLRX5 
were found in the other three legumes (fig. S17). 
The counterparts of the three rhizobial tRF se- 
quences in respective tRNAs also showed in- 
terspecific divergence (fig. S16). PuURHD3 in 
common bean, the ortholog of GmRHD3a/3b, 
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Fig. 3. Rhizobial tRF-guided gene regula- 
tion by hijacking the host RNAi machin- 
ery. (A) Abundance of artificial miRNAs 
measured with stem-loop quantitative 
RT-PCR in aM/R-tRFOOI (2) and aMIR- 
tRFOO3 transgenic roots (3) and respective 
empty-vector transgenic roots (1) 28 days 
after inoculation. (B) Expression of the 
putative tRF/artificial miRNA targets 
measured with quantitative RT-PCR in the 
same samples as described in (A). Values in 
(A) and (B), with one set as “1” and the 
others adjusted accordingly, are shown as 
means + SE from three biological replicates. 
Asterisks indicate the significance level 

at P < 0.01 (Student's t test). (©) Nodule 
numbers in the same samples as described 
in (A), with all data points represented by 
dots, are shown as box and whisker plots 
displaying 95 to 5% interval from three 
biological replicates (12 plants per 
replicate). (D) GFP activity in transgenic 
roots of “GFP-tRF target site” fusion genes 
(W1 to W3) and “GFP-mutated tRF target 
site” fusion genes (M1 to M3) 24 hours after 
inoculation with USDA110. Bj- and Bj+ 
indicate uninoculated and inoculated roots, 
respectively. (E) Association of the three 
tRFs with soybean GmAGO1b in nodules 

28 days after inoculation detected from 
three experimental replicates. “+” and “—" 
indicate the GmAGOI1b-Myc fusion protein—associated fraction immunoprecipitated by the Myc 
antibody and the nodule lysate without Myc antibody incubation, respectively. 
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Fig. 4. Modulation of early-stage rhizobial infection by rhizobial tRFs and their targets in 
soybean. (A and B) Morphological differences between the root hairs overexpressing the rhizobial 
tRF targets and the negative control and between the STTM root hairs inhibiting the rhizobial tRF 
function and the negative control. (C) Quantitation of deformed root hairs and curled root hairs 
with infection foci in samples as exemplified in (A) and (B). The values are shown as means + SD 
from three biological replicates (n = 25 hairy roots per replicate). Asterisks indicate the significant 
level at P < 0.05 (Student's t test). 
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does have a tRFOO1 target site identical to that 
of GnRHD3a/3b (fig. S17), but Rhizobium etli, a 
compatible symbiotic partner of common bean 
(17), does not have the B. japonicum Val-1-tRNA 
(CAC) from which tRFOO1 was derived. Using 
the small RNA data from the common bean 
nodules induced by a R. etii strain (17), 38 R. etli 
tRNAs were identified to have produced 21-nt 
tRFs. These tRFs were primarily derived from 
the 3’ ends of the tRNAs (fig. S18). Ten different 
21-nt tRFs, each with a relative abundance of 
>100 counts per million rhizobial small RNA 
reads in the common bean nodules, were pre- 
dicted to target 14 common bean genes, includ- 
ing genes encoding a protein kinase, a GRAS 
transcription factor, and an APETALA2-like tran- 
scription factor that may be involved in nodula- 
tion regulation (table S3) (78). Nevertheless, none 
of these 14 putative R. etdi tRF targets in common 
bean are orthologs of the 25 putative B. japonicum 
tRF targets in soybean (table S1). 

We demonstrate that rhizobial tRFs are posi- 
tive regulators of rhizobial infection and nodule 
formation in soybean, playing an important role 
in balancing plant growth and symbiosis (fig. S19). 
In addition to the three rhizobial tRFs we in- 
vestigated, other rhizobial tRFs were predicted 
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to target soybean genes annotated to encode 
auxin receptors and efflux carriers, RING/U-box 
proteins, and protein kinases (table S1), which 
may also affect nodulation (19). Such cross- 
kingdom communications may be common 
among symbiotic partners, but the nodes of 
rhizobial tRFs-host gene interactions appear to 
be diverse. 
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SYNTHETIC BIOLOGY 


Programmed chromosome fission 
and fusion enable precise large-scale 
genome rearrangement and assembly 


Kaihang Wang", Daniel de la Torre, Wesley E. Robertson, Jason W. Chint 


The design and creation of synthetic genomes provide a powerful approach to 
understanding and engineering biology. However, it is often limited by the paucity of 
methods for precise genome manipulation. Here, we demonstrate the programmed fission 
of the Escherichia coli genome into diverse pairs of synthetic chromosomes and the 
programmed fusion of synthetic chromosomes to generate genomes with user-defined 
inversions and translocations. We further combine genome fission, chromosome 
transplant, and chromosome fusion to assemble genomic regions from different strains 
into a single genome. Thus, we program the scarless assembly of new genomes with 
nucleotide precision, a key step in the convergent synthesis of genomes from diverse 
progenitors. This work provides a set of precise, rapid, large-scale (megabase) genome- 
engineering operations for creating diverse synthetic genomes. 


fforts to minimize (J, 2), refactor (3), re- 
code (4, 5), and reorganize (2, 6) chromo- 
somes and genomes are providing new 
insights and opportunities. However, in 
Escherichia coli, the workhorse of syn- 
thetic biology, the methods necessary to re- 
alize a complete set of operations for synthetic 
genome design are missing. These operations 
include (i) the iterative replacement of genomic 
DNA with synthetic DNA, (ii) deletion of ge- 
nomic DNA, (iii) translocation of large genomic 
sections, and (iv) inversion of large genomic 
sections as well as (v) methods for combining 
large genome sections from distinct strains for 
the convergent assembly of synthetic genomes. 
Each operation should be scarless and programmed 
with nucleotide precision so that genome de- 
signs can be precisely and rapidly realized. 
Efficient, precise, and robust methods for it- 
erative replacement (>100 kb per step) and de- 
letion of genome sections have been reported 
(7); however, there has been less progress 
on creating methods for generating precisely 
programmed inversions or translocations in 
E. coli, with most current methods for inver- 
sions relying on sequence-specific recombinases. 
Moreover, methods for combining large (e.g., 
0.5-Mb) sections from distinct genomes rely 
on classical conjugation (8) and its derivatives 
(5, 9). Although these methods can be useful 
(5, 9), they are fundamentally limited because 
(i) they require large regions of homology [com- 
monly at least 3 kb, and sometimes up to 400 kb, 
between the donor and recipient genomes (5)], 
(ii) undesired chimeras between the two ge- 
nomes may result, and (iii) the site of crossover 
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between the two genomes is not precisely spec- 
ified. Indeed, in favorable cases, crossovers are 
only selected with kilobase resolution. 

Chromosome fission and fusion have occurred 
in natural evolution (0, 17), and these processes 
may have accelerated evolution (10, 12, 13). The 
synthetic splitting and fusion of chromosomes 
have been explored to a limited extent, primarily 
in naturally recombinogenic organisms (13-18). 
One report excised up to 720 kb from a single 
region of the E. coli genome (19) by using natural 
homologous recombination in E. coli. Because 
the recombination frequency in E. coli is gen- 
erally low (20), this approach is presumably very 
inefficient. A protelomerase of bacteriophage 
N15 and a Vibrio origin of replication were 
used to divide the circular E. coli chromosome 
into two linear subchromosomes. However, only 
one characterized arrangement was viable (27). 
Thus, the limited methods for splitting the E. coli 
genome are not general or efficient. 

Here, we demonstrate that an E. coli genome, 
without any prior modification, can be efficiently 
split, by single-step programmed fission, into pairs 
of synthetic chromosomes. The resulting synthetic 
chromosomes enable precise, programmed fu- 
sions, genomic inversions, and translocations; 
moreover, they provide a route to assemble 
new genomes through the precise, convergent 
assembly of large genomic fragments from dis- 
tinct strains. 

We designed and synthesized a system to pre- 
cisely split the unmodified genome into two 
user-defined, circular chromosomes (Fig. 1A) and 
tested our approach by splitting the E. coli 
MDS42 (D genome (data file S1) into a 3.43- and 
a 0.56-Mb chromosome. To achieve this, we first 
introduced Cas9 with appropriate spacers (table 
Sl), the lambda-red recombination machinery, 
and a fission bacterial artificial chromosome 
(BAC) (data file S2) into cells. We implemented 
six Cas9-directed cuts in the DNA of these cells; 
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two of these cuts target the genome, and four of 
these cuts target the fission BAC (data files S3 
and S4). The two cuts in the genome create frag- 
ment 1 and fragment 2, and the four cuts in the 
fission BAC release linker sequence 1 and linker 
sequence 2. Chromosome 1 (3.43 Mb) containing 
the genomic origin of replication (o7iC) was 
formed through lambda-red-mediated recom- 
bination between genomic fragment 1 and linker 
sequence 1, by virtue of their 50-base pair (bp) 
regions of homology (table $2). Similarly, chro- 
mosome 2 (0.56 Mb) was formed through lambda 
red-mediated recombination between genomic 
fragment 2 and linker sequence 2 (Fig. 1A and 
fig. S1); this linker sequence contained its own 
replication and segregation machinery. 

In the prefission strain, the fission BAC is 
nonessential and contains a SacB-Cm* double 
selection cassette (this confers resistance to 
chloramphenicol and sensitivity to sucrose, but 
cells can grow on sucrose by losing the fission 
BAC), the ZwxABCDE operon (conferring lumi- 
nescence), and 7psL (conferring sensitivity to 
streptomycin). After successful fission, the rpsL 
gene is lost, cells are resistant to streptomycin, 
the /wxABCDE operon is removed from a strong 
promoter to chromosome 1 (leading to weaker 
luminescence), and the SacB-Cm* double selec- 
tion cassette becomes part of chromosome 2 and 
cannot be lost. Thus, correct postfission cells 
are selectively sensitized to sucrose. 

After execution of the fission protocol, we en- 
riched for cells that had undergone genome 
fission to generate two chromosomes, through 
growth on streptomycin and chloramphenicol 
(table S3). This selects for both loss of rpsL and 
maintenance of Cm* in the SacB-Cm* double 
selection cassette and therefore kills cells con- 
taining the fission BAC but allows growth of 
cells that have undergone programmed genome 
fission. 

We characterized individual postfission clones 
by several independent methods. First, we ex- 
amined the luminescence of cells and their 
growth on selective media (Fig. 1B). Success- 
ful clones had decreased luminescence with 
respect to prefission controls, gained sucrose 
sensitivity, and gained the ability to grow when 
challenged simultaneously with both chloram- 
phenicol and streptomycin. Second, we performed 
polymerase chain reactions (PCRs) across the new 
junctions resulting from fission. Successful post- 
fission clones exhibited bands of the expected 
size that were not present in prefission clones 
(Fig. 1C). This confirmed that both fission junc- 
tions were as expected. Third, we confirmed the 
expected restriction enzyme digestion pattern 
for the postfission genome by pulsed-field gel 
electrophoresis (fig. S2). Finally, we determined 
the replicon organization of the genome by de 
novo assembly; we achieved this by combining 
the results of short-read (300-bp paired end) 
and long-read (N50 of ~8.3 kb) sequencing in 
Unicycler (22) to generate one contig per replicon. 
The postfission assembly formed two circular 
contigs, which corresponded to the chromosomes 
expected from fission (fig. S3 and table $4). The 
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copy number of each chromosome was as ex- 
pected (table S5). 

We demonstrated the scope and generality of 
fission by programming the splitting of the ge- 
nome into five additional distinct and diverse pairs 
of chromosomes (Fig. 2 and figs. S2 to S4). These 
included a pair in which chromosome 1 is 2.44 Mb 
and chromosome 2 is 1.55 Mb. Because chromo- 
some 2 has BAC-derived replication and segrega- 
tion machinery, our data are consistent with BACs 
being able to maintain megabases of DNA. The 
only constraints we imposed on the choice of fis- 
sion sites were that they contained a protospacer 
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adjacent motif (PAM) for Cas9 and lay greater 
than 30 bp outside any gene. Although a single 
2-Mb fission test failed (fig. S5 and table S3), all 
other experiments we tried led to successful fission 
(figs. S1 to S4). Fission had only modest effects on 
the growth of cells (fig. S6). We observed that the 
genome fissions were present after approximately 
105 generations of continuous growth (fig. S7). 
We demonstrated that the programmed fusion 
of synthetic chromosomes, generated by fission, 
enables the generation of precisely rearranged 
genomes (Fig. 3). We applied fission to a cell in 
which ~0.54 Mb, section C (Fig. 2A and figs. S1 


Post-fission j1 Post-fission j2 

Clone: pre 1 2 pre 1 2 
Post-fiss. | 

junctions’ = UF ees 


ji> 
j2> 


and S3), of the genome is watermarked by 2521 
synonymous codon changes (5) (data file S5); this 
brought the total number of successful fissions 
to 7 (Fig. 2A and fig. S1). The resulting cell 
contained chromosome 1 (3.45 Mb) and a 
watermarked chromosome 2 (0.54 Mb). After 
fission, we replaced the SacB-Cm* double se- 
lection cassette in chromosome 2 with an 
oriT-pheS*-Kan® cassette (table S6). This 
cell provided a common intermediate for diverse 
fusions. 

We first used fusion to regenerate the original 


genome. We prepared chromosome 1 for fusion 


Fig. 1. Programmed genome fission splits 

the E. coli genome into two chromosomes. 
(A) E. coli harbors a fission BAC containing a 
double selection cassette (sacB-Cm® shown as 
pink and green, respectively), rpsL (yellow), a 
luxABCDE operon (white), and the BAC replication 
machinery (orange). During fission, (i) Cas9 
induces six cuts (black triangles), splitting the 
genome into fragment 1 (light gray, containing 
oriC indicated by black line) and fragment 2 
(dark gray) and the fission BAC into four pieces 
(linker sequence 1, linker sequence 2, and two 
copies of rpsL). (ii) Homology regions (HRs) 
between fragments and their cognate linkers. 

(iii) Lambda red recombination joins fragments 
and linkers to yield chromosomes 1 and 2 

(Chr. 1 and Chr. 2). Junctions 1 and 2 (j1 and j2) 
are new junctions. (B) Growth and luminescence 
(Lumi.) of prefission (pre) and postfission 

(1 and 2) clones are consistent with the genera- 
tion of two chromosomes (Chr. 1, ~3.43 Mb 

and Chr. 2, ~0.56 Mb). Cells were stamped in 
plain LB agar (-), 20 ug/ml chloramphenicol (Cm), 
7.5% sucrose (Suc), 100 pg/ml streptomycin 
(Strep), or the indicated combination. (C) PCR of 
postfission (Post-Fiss.) clones across jl and j2. 
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Fig. 2. Fission can be performed throughout 
the E. coli genome. (A) Successful fissions 
performed. Each color on the E. coli genome 
corresponds to ~0.5 Mb. We named the sections 
A to H. A is dark orange, and the other sections 
are labeled alphabetically in a clockwise 
sequence. Linker sequence 1, white; oriC, black 
bar; linker sequence 2, gray. Boundaries and 
homologies of each fission experiment are 
provided in table S2. Seven fissions are shown, 
including the 3.43, 0.56 Mb fission (Fig. 1). The 
3.45, 0.54 Mb fission (purple Chr. 2) was 
performed by using an E .coli genome in which a 
~0.54-Mb section had been recoded (Fig. 3). 
(B) Growth and luminescence for the generation 
of the 2.44, 1.55 Mb fission; annotation as in 

Fig. 1B. Data for other fissions are shown in 

fig. S4. (©) PCR of clones across new junctions 
for 2.44, 1.55 Mb fission. Postfission clones 

(1 to 5) exhibit products of the expected size, 
whereas the prefission control does not. Junction 
PCRs for other fissions are in fig. S4. 
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Fig. 3. Programmed chromosomal fusion enables translocations and inversions of large 
genomic segments from common fission intermediates. (A) E. coli with two chromosomes 
(Chr. 1 ~3.45 Mb and Chr. 2 ~0.54 Mb) was generated by fission. The sequence of Chr. 2 is 
watermarked as described in the text. The color-coding is as in Fig. 1A; a pheS*-Kan® double 
selection cassette (purple and yellow, respectively) is shown. A fusion sequence, consisting of a 
pheS*-Hyg® (purple and blue, respectively) double selection cassette flanked by HR1 and HR2, is 
introduced in the indicated positions and orientation in Chr. 1 by lambda-red recombination. 

Cas9 spacer-directed cleavage (black arrows), lambda-red recombination, and selection for fusion 
products through the loss of pheS* on 4-chloro-phenylalanine yield the indicated products. 

i) Regenerating the original genomic arrangement, (ii) translocation of the 0.54-Mb segment 

700 kb away from its original position, and (iii) inversion of the 0.54-Mb segment. (B) Growth and 
uminescence of pre- and postfusion regeneration (1 and 2) clones. Hyg, hygromycin; Kan, 
anamycin; p-Cl-Phe, 4-chloro-phenylalanine. (©) PCR of clones across new junctions for fusion 
regeneration. Postfusion clones (1 to 8) exhibit products of the expected size, whereas the pre-fusion 
control does not. wt, wild type. (D and E) As in (B and C) but for fusion translocation (trans.). 

F and G) As in (B and C) but for fusion inversion (inv.). 
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by replacing its linker sequence 1 with a fusion 
sequence for chromosome 2 (oligonucleotide 
sequences are provided in table S6). This con- 
tained a pheS*-Hyg” double selection cassette 
flanked by Cas9 cut sites and homology to frag- 
ment 2 in chromosome 2 (Fig. 3A). Fusion was 
initiated by Cas9-mediated cleavage at either 
side of the pheS*-Hyg* cassette in chromosome 
1 and at the ends of the watermarked sequence 
in chromosome 2, and the resulting homologous 
ends were joined through lambda red-mediated 
recombination. We selected the fusion product 
on 4-chloro-phenylalanine. 

We characterized postfusion clones by several 
independent methods. Successful clones were 
no longer sensitive to 4-chloro-phenylalanine or 
resistant to kanamycin or hygromycin (Fig. 3B). 
PCR across the new junctions generated by fu- 
sion led to bands of the correct size that were 
not present in the prefusion clones (Fig. 3C). We 
further demonstrated successful fusion by de novo 
assembly of short-read (300-bp paired end) and 
long-read (N50 of ~20 kb) sequencing. The pre- 
fusion genome formed two circular contigs, 
whereas all postfusion assemblies formed a single 
circular contig, which corresponds to the expected 
fusion product (fig. S3). 

We demonstrated that inserting the fusion 
sequence at different positions in chromo- 
some 1 (500 or 700 kb away from linker se- 
quence 1) (Fig. 3A and fig. S8), followed by 
initiation of fusion with chromosome 2, en- 
ables the selection of genomes bearing de- 
fined translocations (Fig. 3, D and E, and 
figs. S3 and S8). We also demonstrated that 
inserting the fusion sequence into chromosome 
1 in an inverted orientation (Fig. 3A), followed 
by initiation of fusion with chromosome 2, 
enables the selection of genomes bearing de- 
fined inversions (Fig. 3, F and G, and fig. S3). An 
attempt at fusion 1.8 Mb away from the linker 
sequence did not lead to a stable translocation 
(fig. S8 and table S3). 

Next, we combined genome fission, conjugative 
transplant, and chromosome fusion to precisely 
combine defined sections of distinct genomes 
(Fig. 4A). This is a key step in the precise assembly 
of synthetic genomes from strains containing 
synthetic sections. 

We began with two strains, each containing 
a different watermarked genomic section [sec- 
tion C or section A (Fig. 2 and fig. S1)], with the 
target of combining the watermarked sections in 
a single, chimeric genome. We defined one strain 
as the donor (data file S5) and the other strain as 
the recipient (data file S6). We performed fis- 
sion on the genome of the donor to capture its 
watermarked sequence in chromosome 2. We 
then replaced the SacB-Cm* double selection 
cassette in chromosome 2 with an ori7-pheS*- 
Kan® cassette (table S6) and transformed a 
nontransferable F’ plasmid (5) into the donor 
strain. These steps prepare the donor strain for 
transplant of chromosome 2 to the recipient. 

In parallel, we performed fission on the ge- 
nome of the recipient to split its genome, at 
the same position as the donor, into two synthetic 
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Fig. 4. Precise genome assembly from genomic segments of distinct strains. (A) Precisely 
combining the watermarked region 1 (dark gray) from a donor strain and a watermarked region 2 
(black striped) from a recipient strain into a single strain. Fission is performed in parallel in the 
donor and recipient strains. The resulting donor strain contains a watermarked Chr. 2 containing an 
oriT (black arrow) and a pheS*-Kan® double selection cassette (purple and yellow); the remainder 
of linker sequence 2 is orange. The resulting recipient strain contains an analogous nonwatermarked 
Chr. 2, with a sacB-Cm® cassette (pink and green). The linker sequence 1 (white) is replaced 

with a fusion sequence containing a pheS*-Hyg® cassette (purple and blue) in preparation for fusion. 


The donor cell is provided with a nontransferable 


F’ plasmid. Mixing of donor and recipient cells 


facilitates conjugative transplant of Chr. 2 from the donor to the recipient; selection for Kan® and 
against sacB-mediated sucrose sensitivity enables the isolation of cells that have gained a watermarked 
Chr. 2 and lost the nonwatermarked Chr. 2. Subsequent genome fusion generates a strain in which 
the watermarked regions 1 and 2 have been precisely combined in a single chromosome. (B) Following 
the process of chromosomal transplant by growth on selective media and luminescence. d, the 
pretransplant donor; r, pretransplant recipient. (C) Following the process of chromosomal fusion through 
growth on selective media. (D) PCR across the new junctions generated by chromosomal fusion 

yields products of the expected size in the postfusion clones (1 to 10) but not in the prefusion control. 


chromosomes. This created a recipient containing 
a nonwatermarked chromosome 2 (the fission 
BAC used in the recipient, and therefore chro- 
mosome 2, contains a sacB-Cm® cassette and 
does not contain ori7) and chromosome 1 that 
contains the second watermarked region. The 
linker sequence 1 in chromosome 1 of the re- 
cipient was then replaced with a fusion sequence 
containing a pheS*-Hyg” cassette flanked by 
regions of homology to the fragment of the orig- 
inal genome captured in chromosome 2. 

To generate cells that contain both water- 
marked regions, we mixed donor and recipient 
cells. We selected for transfer of chromosome 2 
from the donor to the recipient and recipient 
cells in which chromosome 2 from the donor had 
replaced the endogenous chromosome 2; we 
termed this overall process chromosome trans- 
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plant. The resulting recipient cells contained 
chromosome 2 from the donor and chromo- 
some 1 from the recipient. We generated a single, 
chimeric genome that contains both the water- 
marked sequences by fusion of the donor chro- 
mosome 2 and the recipient chromosome 1 (Fig. 4, 
B to D; fig. S3; and data file S7). All attempts at 
genome assembly were successful. 

We demonstrated the efficient programmed, 
single-step fission of the unmodified E. coli ge- 
nome into diverse megabase-scale chromosomes. 
These chromosomes provide a common inter- 
mediate for the facile creation of diverse genomes. 
The chromosomes in a single cell can be fused 
into a single genome to effect precise genomic 
translocations or precise and scarless inversions. 
This facilitates the realization of reorganized 


genome designs and the exploration of modular, 
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synthetic syntenies that may be more amenable 
to engineering (2). Moreover, the transplant of 
chromosomes between cells, followed by fusion, 
enables the precise convergent assembly of new 
genomes. Our work provides the necessary set of 
precise, rapid, large-scale genome-engineering 
operations for creating diverse synthetic genomes. 
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ASTROCHRONOLOGY 


Solar System chaos and the 
Paleocene-Eocene boundary age 
constrained by geology and astronomy 


Richard E. Zeebe’* and Lucas J. Lourens” 


Astronomical calculations reveal the Solar System’s dynamical evolution, including its 
chaoticity, and represent the backbone of cyclostratigraphy and astrochronology. An 
absolute, fully calibrated astronomical time scale has hitherto been hampered beyond 
~50 million years before the present (Ma) because orbital calculations disagree before that 
age. Here, we present geologic data and a new astronomical solution (ZB18a) showing 
exceptional agreement from ~58 to 53 Ma. We provide a new absolute astrochronology up 
to 58 Ma and a new Paleocene—Eocene boundary age (56.01 + 0.05 Ma). We show that 
the Paleocene—Eocene Thermal Maximum (PETM) onset occurred near a 405-thousand- 
year (kyr) eccentricity maximum, suggesting an orbital trigger. We also provide an 
independent PETM duration (170 + 30 kyr) from onset to recovery inflection. Our 
astronomical solution requires a chaotic resonance transition at ~50 Ma in the Solar 


System’s fundamental frequencies. 


umerical solutions for the Solar System’s 

orbital motion provide Earth’s orbital pa- 

rameters in the past, which are widely 

used to date geologic records and inves- 

tigate Earth’s paleoclimate (1-17). The So- 
lar System’s chaoticity imposes an apparently 
firm limit of ~50 million years before the present 
(Ma) on identifying a unique orbital solution, as 
small differences in initial conditions and param- 
eters cause astronomical solutions to diverge 
around that age [Lyapunov time ~5 million years 
(Myr); supplementary materials] (4, 6, 12, 13). 
Recent evidence for a chaotic resonance transi- 
tion (change in resonance pattern; see below) in 
the Cretaceous (Libsack record) (9) confirms the 
Solar System’s chaoticity but does not provide 
constraints to identify a unique astronomical 
solution. The unconstrained interval between the 
Libsack record (90 to 83 Ma) and 50 Ma is too 
large a gap, allowing chaos to drive the solutions 
apart (supplementary materials). Thus, proper 
geologic data around 60 to 50 Ma are essential 
to selecting a specific astronomical solution and, 
conversely, the astronomical solution is essential 
to extending the astronomically calibrated time 
scale beyond 50 Ma. 

We analyzed color reflectance data (a*, red-to- 
green spectrum) (7, 8) at Ocean Drilling Program 
(ODP) Site 1262 (supplementary materials), a*- 
1262 hereafter, a proxy for changes in lithology 
(7). The related Fe-intensity proxy (8) gives nearly 
identical results (fig. S4). We focus on the section 
at ~170 to 110 m (~58 to 53 Ma), which exhibits an 
exceptional expression of eccentricity cycles at 
Site 1262 (7, 8, 10, 14, 15), less so in the preceding 
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(older) section. Our focus interval includes the 
PETM and Eocene Thermal Maximum 2 (ETM2), 
extreme global warming events (hyperthermals), 
considered the best paleo-analogs for the climate 
response to anthropogenic carbon release (16-18). 
The PETM’s trigger mechanism and duration re- 
main highly debated (19-27). Thus, in addition to 
geological and astronomical implications, unravel- 
ing the chronology of events in our studied inter- 
val is critical for understanding Earth’s past and 
future climate. 

We developed a simple floating chronology, 
attempting to use a minimum number of as- 
sumptions (supplementary materials). We initially 
used a uniform sedimentation rate throughout the 
section (except for the PETM) and a root mean 
square deviation (RMSD) optimization routine 
to derive ages (for final age model and differ- 
ence from previous work, see supplementary 
materials). No additional tuning, wiggle-matching, 
or preexisting age model was applied to the data. 
Using our floating chronology, the best fit between 
the filtered and normalized data target a** (Fig. 1) 
and a given astronomical solution was obtained 
through minimizing the RMSD between record 
and solution by shifting a** along the time axis 
(offset t) over a time interval of +200 thousand 
years (kyr), with ETM2 centered around 54 Ma 
(supplementary materials). Before applying the 
minimization, both a** and the solution were 
demeaned, linearly detrended, and normalized 
to their respective standard deviation (Fig. 1). 

It turned out that one additional step was 
necessary for a meaningful comparison between 
a** and astronomical solutions. Relative to all 
solutions tested here, a** was consistently offset 
(shifted toward the PETM after optimizing 1) by 
about one short eccentricity cycle for ages either 
younger (some solutions) or older than the PETM 
(other solutions). The consistent offset relative to 
the PETM suggests that the condensed PETM in- 
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terval in the data record is the culprit, for which 
we applied a correction, also obtained through 
optimization. At Site 1262, the PETM is marked 
by a ~16-cm clay layer (<1 weight % CaCOs), 
largely due to dissolution and some erosion 
across the interval (16, 22), although erosion 
of Paleocene (pre-PETM) sediment alone cannot 
account for the offset of about one short eccen- 
tricity cycle (supplementary materials). Sedimen- 
tation rates were hence nonuniform across the 
PETM interval (8, 70, 16), and primary lithologic 
cycles from variations in CaCO, content are not 
preserved within the clay layer. Thus, we cor- 
rected the condensed interval by stretching a 
total of & grid points across the PETM by Ag for 
a total length of AL = kAzg and included k as a 
second parameter in our optimization routine 
(Fig. 1). Essentially, the correction for the reduc- 
tion (gap) in carbonate sedimentation across the 
PETM is determined by the entire record except 
the PETM itself (supplementary materials). In 
summary, we minimized the RMSD between data 
target and solution by a stretch-shift operation, 
i.e., we simultaneously optimized the number of 
stretched PETM grid points (#) and the overall 
time shift (t) between floating chronology and 
solution. 

Our new astronomical solution, ZB18a [com- 
putations build on our earlier work (6, 23, 24), 
supplementary materials], agrees exceptionally 
well with the final a** record (Fig. 1B) and has 
the lowest RMSD of all 18 solutions published to 
date that cover the interval (Table 1). The 18 
solutions were computed by multiple investiga- 
tors, representing different solution classes due 
to initial conditions, parameters, etc. (supplemen- 
tary text S6 and S7). Based on ZB18a, we provide 
anew astronomically calibrated age model to 
58 Ma (Fig. 1B and supplementary materials) and 
a revised age for the Paleocene-Eocene bound- 
ary (PEB) of 56.01 + 0.05 Ma (see supplemen- 
tary materials for errors). Our PEB age differs 
from previous ages (8, 25-27) but is close to ap- 
proximate estimates from 405-kyr cycle count- 
ing across the Paleocene (28) (supplementary 
materials). 

Contrary to current thinking (8, 14, 20, 27, 29), 
the PETM onset therefore occurred temporally 
near, not distant, to a 405-kyr maximum in 
Earth’s orbital eccentricity [Fig. 1, compare also 
(0)]. As for ETM2 and successive early Eocene 
hyperthermals (7. 29, 30), this suggests an or- 
bital trigger for the PETM, given theoretical 
grounding and extensive, robust observational 
evidence for eccentricity controls on Earth’s cli- 
mate (2, 7-10, 14, 20, 26—32). Note, however, that 
the onset does not necessarily coincide with a 
100-kyr eccentricity maximum (see below). Our 
analysis also provides an independent PETM 
main phase duration of 170 + 30 kyr from onset 
to recovery inflection (for tie points, see fig. S6 and 
supplementary materials). This duration might 
be an underestimate given that sedimentation 
rates increased during the PETM recovery (com- 
pacting the recovery would require additional 
stretching of the main phase). Our duration is 
significantly longer than 94 kyr (20) but agrees 
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with the “He age model at Site 1266 (167434 kyr) 
(21) and is consistent with >8 cycles in Si/Fe 
ratios at Zumaia (37), which, we suggest, are full 
(not half) precession cycles. 

If high orbital eccentricity (e) also contrib- 
uted to the long PETM duration (e ~ 0.025 to 
0.044 during PETM), then the potential for 
prolonged future warming from eccentricity 
is reduced due to its currently low values (e = 
0.0024 to 0.0167 during next 100 kyr). A similar 
argument may hold for eccentricity-related 


Table 1. RMSD between a** record and 
selected astronomical solutions.} 


Solution 


ZB18at§ 


+Record and solution were demeaned, detrended, 
and normalized to their standard deviation before 
calculating RMSD. $°Z" and “B” derive from 
Zeebe-HNBody (6). §Lowest RMSD of 18 
solutions published to date: ZB17a-k (n = 11) 
(6), LalOa-d (n = 4) (33), Lall (n = 1) (13), La04 
(n = 1) (5), VaO3 (n = 1) (4) (7/18 listed). 


PETM trigger mechanisms. The PETM occurred 
superimposed on a long-term, multimillion year 
warming trend (7, 30). Our solution ZB18a 
shows a 405-kyr eccentricity maximum around 
the PETM but reduced 100-kyr variability (Fig. 
1B). Eccentricity in ZB18a remained high before 
the PETM for one short eccentricity cycle (Fig. 
1B, arrow), suggesting that the combination of 
orbital configuration and background warm- 
ing (30, 32) forced the Earth system across a 
threshold, resulting in the PETM. Although 
similar thresholds may exist in the modern 
Earth system, the current orbital configuration 
(ower e) and background climate (Quaternary/ 
Holocene) are different from 56 Ma. None of 
the above, however, will directly mitigate fu- 
ture warming and is therefore no reason to 
downplay anthropogenic carbon emissions and 
climate change. 

Our astronomical solution ZB18a shows a 
chaotic resonance transition (change in reso- 
nance pattern) (33) at ~50 Ma, visualized by 
wavelet analysis (34) of the classical variables: 


h=esin@;p = sin(I/2) sinQ, (1) 


where e, J, @, and Q are eccentricity, inclina- 
tion, longitude of perihelion, and longitude of 
ascending node of Earth’s orbit, respectively 
(Fig. 2). The wavelet spectrum highlights several 
fundamental frequencies (g’s and s’s) of the Solar 
System, corresponding to eigenmodes. For ex- 
ample, g3 and g, are loosely related to the peri- 
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helion precession of Earth’s and Mars’ orbits (s3 
and s, correspondingly to the nodes). The g’s and 
s’s are constant in quasiperiodic systems but vary 
over time in chaotic systems (supplementary 
materials). The period P43 associated with g, - 
3 Switches from ~1.5 to ~2.4 Myr in ZB18a 
~50 Ma, characteristic of a resonance transition 
(Fig. 2, arrow) (33). An independent analysis of 
the a*-1262 record recently also reconstructed 
P43 ~ 1.5 Myr (35) within the interval ~56 to 
54 Ma. However, our individual g-values from 
ZB18a are different from the reconstructed mean 
values, although within their 20 error bounds 
(supplementary materials). 

Notably, parameters required for long-term in- 
tegrations compatible with geologic observations 
(e.g., ZB18a versus a**, Fig. 1) appear somewhat 
incompatible with our best knowledge of the 
current Solar System. For instance, ZB18a is 
part of a solution class featuring specific com- 
binations of number of asteroids and solar quad- 
rupole moment (J,), with J. values lower than 
recent evidence suggests (supplementary mate- 
rials). In addition, the Lal0c solution (33) with a 
small RMSD (Table 1) used the INPOP08 ephem- 
eris, considered less accurate than the more re- 
cent INPOP10 used for Lall (13). However, Lal0c 
fits the geologic data better than Lall does 
[Table 1 and (27)]. 

The resonance transition in ZB18a is an un- 
mistakable manifestation of chaos and is also 
key to distinguishing between different solu- 
tions before ~50 Ma, e.g., using the gy - g3 term. 
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Fig. 1. Data analysis and comparison of color reflectance a* to our 
astronomical solution ZB18a. (A) a* at ODP Site 1262 (blue-green), 
interpolated, demeaned, detrended record (Norm. a*) including 
PETM stretch (light-blue); scaled long/short eccentricity cycle filter 
(blue/gray), PETM onset (up-triangle), PETM recovery inflection 
(down-triangle), Elmo (square). mcd, meters composite depth. 

As primary CaCO3 variations within the PETM interval are not 
preserved due to dissolution and erosion, the interval was cropped. 
(B) Sum of long- and short-cycle filter outputs in the time domain 
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(data target a**, light blue) and normalized eccentricity of Earth's orbit 
from our astronomical solution ZB18a (purple). a** and ZB18a were 
demeaned, detrended, and normalized to their respective standard 
deviation before optimization (RMSD minimization between a** and 
solution by stretch-shift operation, see text). Across the cropped PETM 
interval, a** provides no actual information and is omitted. Up-triangle 
and error bar indicate our new age for the PEB (PETM onset) of 

56.01 + 0.05 Ma. Arrow indicates the prolonged high-eccentricity period 
before the PETM (see text). 
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Fig. 2. Wavelet analysis of astronomical solution. Wavelet analysis (34) of (A) h = e sin w and 

(B) p = sin(/72) sin Q from our astronomical solution ZB18a (see text). g’s and s’s indicate fundamental 
frequencies of the Solar System's eigenmodes (multiple frequencies are expressed in the spectrum 

of a single planet). For example, g3 and gy are loosely related to the perihelion precession of Earth's and 
Mars’ orbits. The wavelet amplitude (red, peaks; blue, valleys) in, e.g., the g3 and gy frequency band is 
modulated by the period 1/(g4 - g3) = 2.4 Myr for ages younger ~45 Ma, where g3 = 1/74.61 kyr and 
84 = 1/72.33 kyr (6). Correspondingly, 1/(sq — $3) = 1.2 Myr. However, in our solution, the period 
associated with gy — g3 switches from ~1.5 Myr to ~2.4 Myr across the resonance transition around 
50 Ma (arrow). The ratio (g4 — g3):(S4 — S3) = 1:2 after ~45 Ma and closer to 1:1 before but appears irregular. 


Fig. 3. Resonance 
transition in selected 
astronomical solutions. 
Interval between consecu- 
tive minima (Atmin) in 2-Myr 
Gaussian filter (460%) of 
Earth's orbital eccentricity 
for selected solutions 

(6, 33). The rise of Atmin 
around 50 Ma in ZB18a and 
LalOc indicate resonance 
transitions. However, note 
distinct pattern of ZB18a 
before 55 Ma. Hence our 
solution ZB18a (closest 
agreement with the data 
record, Fig. 1) requires that 
the Solar System underwent 
a specific chaotic resonance 
transition pattern between 
~60 and 50 Myr BP. 
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This term modulates the amplitude of eccen- 
tricity and, e.g., the interval between consecutive 
minima in a 2-Myr filter of eccentricity (Fig. 3). 
Other solutions such as Lal0c (33) also show 
a resonance transition around 50 Ma. How- 
ever, the pattern for ZB18a is different before 
55 Ma, which is critical for its better fit with 
the data record from 58 to 53 Ma (smaller 
RMSD; Table 1 and Fig. 1). For example, P43 ~ 
2 and ~1.6 Myr at ~59 and ~56 Main Lal0c but 
is rather stable at ~1.5 to 1.6 Myr across this 
interval in ZB18a. Briefly, to explain the geologic 
record, our astronomical solution requires that 
the Solar System is (i) chaotic and (ii) underwent 
a specific resonance transition pattern between 
~60 and 50 Myr BP. 
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SIGNAL TRANSDUCTION 


Membrane-associated periodic 
skeleton is a signaling platform for 
RTK transactivation in neurons 


Ruobo Zhou’*, Boran Han””*, Chenglong Xia»”*, Xiaowei Zhuang””?* 


Actin, spectrin, and related molecules form a membrane-associated periodic skeleton 
(MPS) in neurons. The function of the MPS, however, remains poorly understood. Using 
super-resolution imaging, we observed that G protein-coupled receptors (GPCRs), 

cell adhesion molecules (CAMs), receptor tyrosine kinases (RTKs), and related signaling 
molecules were recruited to the MPS in response to extracellular stimuli, resulting in 
colocalization of these molecules and RTK transactivation by GPCRs and CAMs, giving 
rise to extracellular signal-regulated kinase (ERK) signaling. Disruption of the MPS 
prevented such molecular colocalizations and downstream ERK signaling. ERK signaling 
in turn caused calpain-dependent MPS degradation, providing a negative feedback that 
modulates signaling strength. These results reveal an important functional role of the 
MPS and establish it as a dynamically regulated platform for GPCR- and CAM-mediated 


RTK signaling. 


ignal transduction mediated by cell sur- 

face receptors requires precise coordi- 

nation of a cascade of molecular events. 

Receptor tyrosine kinases (RTKs) constitute 

a large class of such cell surface receptors 
that are expressed across many cell types and 
perform a broad spectrum of cellular functions, 
including promotion of cell survival, regulation 
of cell division and differentiation, and modu- 
lation of cellular metabolism and cell-to-cell 
communication (J, 2). RTKs are activated in re- 
sponse to extracellular signals, initiating a num- 
ber of intracellular signal transduction cascades 
to alter gene expression in cells (J-4). The kinase 
activity of RTKs can be activated either directly 
by their cognate ligands or through transactiva- 
tion by other transmembrane proteins (J, 2, 4-7). 
Among the RTK transactivators are G protein- 
coupled receptors (GPCRs), the largest class of cell 
surface receptors in eukaryotes, and cell adhesion 
molecules (CAMs), the class of transmembrane 
proteins responsible for cell-cell interactions 
(1, 4-7). In neurons, RTK transactivation by 
GPCRs and CAMs, as well as direct activation 
of RTKs by their cognate ligands, plays impor- 
tant roles in regulating neurite outgrowth and 
axon guidance, controlling neuronal migration 
and repair, and modulating synaptogenesis and 
synaptic transmission (3-8). However, it is largely 
unknown how GPCRs, CAMs, RTKs, and related 
signaling components are spatially organized at 
the neuronal cell surface and how these mole- 
cules are brought together to enable RTK trans- 
activation and downstream signaling. 
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USA. Department of Physics, Harvard University, 
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Recently, it has been shown that actin, spectrin, 
and their interacting molecules form a membrane- 
associated periodic skeleton (MPS) structure in 
the axons and dendrites of neurons (9-12). The 
neuronal MPS contains molecular components 
homologous to those of the erythrocyte membrane 
skeleton (73), but it adopts a distinct ultrastruc- 
ture: in neurites, actin filaments are assembled 
into ring-like structures that are periodically 
spaced by spectrin tetramers, forming a quasi- 
one-dimensional lattice structure underneath the 
plasma membrane with a periodicity of ~190 nm 
(9). This structure is present in distinct types 
of neurons and across diverse animal species 
(14, 15). The MPS can organize transmembrane 
proteins, such as ion channels and adhesion 
molecules, into periodic distributions along 
axons (9, 11, 16-18), raising the possibility that 
this submembrane lattice structure may medi- 
ate membrane-associated signal transduction by 
regulating the distributions of related signaling 
proteins in space and time. 

To test this hypothesis, we applied stochastic 
optical reconstruction microscopy (STORM) 
(19, 20), a super-resolution imaging method, to 
examine the spatial distributions of two trans- 
membrane proteins that are known to trans- 
activate RTKs in neurons (5, 7, 21, 22): (i) the 
cannabinoid type 1 receptor (CB1), the most 
abundant GPCR in the brain and a therapeutic 
target for regulating appetite, pain, mood, and 
memory, and for treating neurodegenerative 
diseases (23); and (ii) the neural cell adhesion 
molecule 1 (NCAM1), an immunoglobulin super- 
family CAM important for neuronal migration, 
neurite outgrowth and fasciculation, and neu- 
ral circuit development (7). We used two-color 
STORM to investigate the spatial relationship 
between the MPS and these membrane proteins 
in cultured hippocampal neurons (Fig. 1). The 
MPS was visualized through immunolabeling of 
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the C terminus of BII-spectrin, which is located at 
the center of each spectrin tetramer connecting 
adjacent actin rings and is near the binding site 
for ankyrin, an adaptor protein that can connect 
transmembrane proteins to the membrane skel- 
eton (13, 24). 

Before stimulation with exogenous ligands, 
CB1 and NCAM1 exhibited a small degree of co- 
localization with the C terminus of BII-spectrin, 
i.e., the center of the spectrin tetramer, in axons 
(Fig. 1, A and C, left). We quantified the degree 
of colocalization using one-dimensional (1D) 
cross-correlation analysis by projecting the 
signals to the longitudinal axis of the axon 
and calculating the average 1D cross-correlation 
function between the two color channels over 
many axon segments. The 1D cross-correlation 
amplitude, defined as the average amplitude of 
the peaks at +190 nm (the period of the MPS), 
quantifies not only the colocalization between 
the signaling molecules and the MPS but also the 
degree of periodicity of these signaling molecules 
(Fig. 1, B and D, blue). The observed average 
cross-correlation amplitudes were >10-fold greater 
than the values derived from single-color-labeled 
neurons, indicating that the observed colocaliza- 
tion was not the result of cross-talk between the 
two color channels (fig. S1). Upon treatment with 
ligands, a CB1 agonist WIN 55,212-2 (hereafter, 
WIN; inhibition constant K,; = 62 nM) (23) ora 
NCAM1 antibody (NCAMI Ab) that binds to the 
extracellular domain to mimic homophilic or 
heterophilic binding of NCAM (7), CB1 or NCAM]1, 
respectively, displayed a substantially higher 
degree of colocalization with the MPS (Fig. 1, A 
and C, middle) with a three- to fourfold increase 
in the cross-correlation amplitudes (Fig. 1, B and 
D, red), and a significant reduction in the aver- 
age distance between CB1 or NCAM1 and their 
nearest-neighbor spectrin tetramer centers (fig. 
$2). Quantitatively similar ligand-induced in- 
crease in colocalization between CB1 or NCAM1 
and the MPS was observed using different cell- 
fixation protocols (fig. $3). Such colocalization 
was abolished by treatment with the actin de- 
polymerizing drugs latrunculin A (LatA) and 
cytochalasin D (CytoD) (Fig. 1, A and C, right; B 
and D, yellow), which is known to disrupt the 
MPS structure (10, 12). Together, these results 
indicate ligand-induced recruitment of CB1 and 
NCAM1 to the MPS. Coimmunoprecipitation 
experiments also showed increased interac- 
tion of CB1 and NCAMI with the MPS upon lig- 
and treatment (fig. S4), further supporting this 
notion. 

Next, we tested whether the recruitment of 
CB1 and NCAM1 to the MPS is important for 
the downstream signaling. It has been shown 
that, upon ligand binding, both CB1 and NCAM1 
can activate the Raf-MEK-ERK signaling cascade 
through RTK transactivation in neurons (Fig. 2A) 
(7, 22). We thus measured the level of phospho- 
rylated (activated) ERK (pERK) using an immuno- 
fluorescence assay (25) to quantify the signaling 
strength. Upon treatment with either the CB1 
agonist WIN or the NCAMI1 Ab, we observed a 
transient increase in pERK signal in neurons, 
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followed by a decay to basal levels (Fig. 2, B 
and C, blue), consistent with previous reports 
(22, 26). Similar ERK activation was observed 
regardless of whether the analysis was done for 
axons only or for all neurites (fig. $5). Pretreating 
the neurons with the CBl-specific antagonist 
SR141716 (SR; K; = 2 nM), which has little activity 
on CB2 (27-29), abolished the observed WIN- 
induced pERK signal increase in neurons (Fig. 
2C, green), as well as the WIN-induced increase 
in CB1 and MPS colocalization (Fig. 1B, green). 
Disruption of the MPS structure by the LatA/ 
CytoD treatment completely abolished the tran- 
sient, ligand-induced ERK activation (Fig. 2C, 
yellow). Similar results were obtained by BII- 
spectrin knockdown (Fig. 2, C, red, and D), which 
is also known to disrupt the MPS structure 
(10, 12). The cell-surface expression levels of CB1 
and NCAM1 did not decrease in BII-spectrin 
knockdown neurons (fig. S6), excluding the 
possibility that the knockdown effect on ERK 
activation was the result of a decrease in the 
surface expression of CB1 or NCAM1. Similar 
BII-spectrin-dependent, ligand-induced ERK ac- 
tivation was also observed using Western blot 
analysis (fig. S7). Together, these results suggest 
that the MPS plays an important role in enabling 
the CB1- and NCAM1-mediated ERK signaling. 
Next, we investigated mechanistically how 
CB1- or NCAM1-mediated ERK signaling is fa- 
cilitated by the MPS. To this end, we first exam- 
ined which step along the signaling pathway 
is affected by MPS disruption. Both CB1- and 
NCAM1-mediated RTK transactivations activate 
protein kinase C (PKC), which in turn activates 
the ERK cascade in neurons (Fig. 2A) (5, 7, 22). 
We added PDBu, a direct PKC activator, to neu- 
rons and measured the resulting pERK signal. 
The PDBu-induced increase in pERK signal was 
not diminished by BIl-spectrin knockdown (fig. 
S8A), indicating that the MPS did not act directly 
on the Raf-MEK-ERK cascade downstream of 
PKC. Previous studies (5, 7, 21, 22) have suggested 
that CB1 and NCAM1 can transactivate two RTK 
types in neurons, tropomyosin receptor kinase B 
(TrkB) and fibroblast growth factor receptors 
(FGFRs). Indeed, the addition of TrkB and FGFR 
inhibitors, and likewise the knockdown of TrkB 
and FGFR1, strongly suppressed the increase in 
pERK signal induced by WIN or NCAM1 Ab (fig. 
S8, B and C). These results indicate that the ERK 
signaling in neurons induced by CB1 and NCAM1 
ligands was primarily through transactivation of 
the two RTKs, TrkB and FGFR. To test whether 
MPS facilitates CB1- and NCAM1-mediated trans- 
activation of these two RTKs or events down- 
stream of TrkB and FGFR activation, we examined 
whether MPS disruption inhibits the TrkB and 
FGFR activation induced directly by their own 
cognate ligands, brain-derived neurotrophic fac- 
tor (BDNF) for TrkB and basic fibroblast growth 
factor (bFGF) for FGFR. The pERK signal increase 
induced by BDNF or bFGF remained quantita- 
tively similar in BII-spectrin knockdown neurons 
as compared with wild type neurons (fig. $8, D 
and E), suggesting that the MPS does not act 
downstream of these RTKs but likely affects 
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their transactivation by CB1 and NCAM1. Sup- 
porting this notion, using Western blot analy- 
sis, we observed activation (phosphorylation) 
of TrkB and FGFR upon addition of the CB1 
ligand WIN, as well as activation of FGFR by 


the NCAM1 Ab treatment, both in a BII-spectrin- 
dependent manner (Fig. 2, E and F). 

Next, we used STORM to examine the spatial 
relationship of the two RTKs, TrkB and FGFR1, 
to the MPS, as well as to the RTK transactivators 
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Fig. 1. CB1 and NCAM1 are recruited to the MPS upon cognate ligand binding. (A) Two-color 
STORM images of fll-spectrin (green) and CB1 (magenta) in the axons of untreated neurons 

(left, “-WIN"), neurons treated with the CB1 agonist WIN (middle, “+WIN"), and neurons pretreated 
with LatA and CytoD to disrupt the MPS before addition of WIN (right, “+WIN, +LatA/CytoD”). 

1D projection traces of Bll-spectrin (green) and CB1 (magenta) signals along the axon are shown 
at the bottom. fll-spectrin was visualized by immunostaining with an antibody against the 

C terminus of Bll-spectrin. CB1 was visualized by immunostaining with CB1 antibody. (B) Left: 
Average 1D cross-correlation functions between the distributions of CB1 and fll-spectrin from many 
CB1-positive axon segments for the three conditions described in (A), as well as for neurons 
pretreated with the CB1 antagonist SR before addition of WIN (“+WIN, +SR"). Right: Average 1D 
cross-correlation amplitudes, defined as the difference between the average of the peaks at +190 nm 
and the average of the valleys at 95 nm and £285 nm of the average 1D cross-correlation functions. 
**P < 0.01; actual P values (from left to right): 4.4 x 10-3, 1.6 x 10°°, and 8.7 x 10°? (unpaired 
Student's t test). (© and D) Same as (A) and (B), but for neurons treated with NCAMI1 antibody 
(NCAMI1 Ab) instead of WIN. Neurons were preincubated with NCAMI1 Ab at 4°C to allow antibody 
binding in both “-NCAMI1 Ab” and “+NCAMI1 Ab” conditions. NCAM1 Ab treatment (“+NCAMI1 Ab”) 
was achieved by a temperature increase to stimulate signaling (See supplementary materials and 
methods), whereas the temperature increase step was skipped in the “-NCAMI1 Ab” condition to 
prevent signaling, as previously described (26). NCAM1 was visualized through immunostaining 
with the NCAM1 antibody. **P < 0.01, ***P < 0.001; actual P values (from left to right): 2.1 x 10-3 and 
5.8 x 10°* (unpaired Student's t test). Data in bar graphs are mean + SEM (n = 3 biological 
replicates; 100 to 200 axonal regions were examined per condition). Scale bars: 1 um. 
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CB1 and NCAMI1. Upon addition of WIN, both 
RTKs displayed a substantial increase in colocal- 
ization with the MPS, which was reflected by a 
three- to fivefold increase in 1D cross-correlation 
amplitudes, and disruption of the MPS by LatA/ 
CytoD treatment abolished these colocalizations 
(Fig. 3A). Co-imaging of CB1 with TrkB or FGFR1 
showed little colocalization between these mole- 
cules before addition of WIN, whereas the ampli- 
tude and periodicity of the 1D cross-correlation 
functions increased dramatically after WIN ad- 
dition (Fig. 3B), suggesting ligand-induced co- 
localizations between CB1 and the two RTKs. 
MPS disruption by LatA/CytoD treatment or 
BII-spectrin knockdown completely eliminated 
this ligand-induced colocalization (Fig. 3B). 
One potential caveat of this 1D analysis is that 
the increase in the 1D cross-correlation may 
only be a reflection of the recruitment of both 
CB1 and RTKs to the MPS, and it may not neces- 
sarily indicate an enhanced spatial proximity 
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between CB1 and RTKs themselves. Thus, we 
performed 2D cross-correlation analysis between 
CB1 and the two RTKs (fig. S9A), as well as 
nearest-neighbor distance analysis between 
these molecules (fig. S9B), to further probe their 
colocalization. Both analyses showed that WIN 
treatment enhanced proximity between CB1 and 
the two RTKs in an MPS-dependent manner. 
Similarly, NCAM1 Ab treatment also induced 
colocalization between NCAM1 and FGFR1 in 
an MPS-dependent manner (fig. S10). As further 
support, coimmunoprecipitation experiments 
showed that the interaction between CB1 and 
the two RTKs greatly increased upon WIN treat- 
ment, and likewise the interaction between 
NCAM1 and FGFR greatly increased upon NCAM1 
Ab treatment, both in an MPS-dependent man- 
ner (fig. S11). 

We further examined the spatial distributions 
of Src-family tyrosine kinases, which are known 
as important mediators of RTK transactivation 
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Fig. 2. MPS disruption abolishes RTK transactivation and downstream 
ERK signaling. (A) Left: Diagrams showing direct RTK activation (top) 
and RTK transactivation (bottom). RTK can be either activated directly 
by binding of their cognate ligands or transactivated by other trans- 
membrane proteins, such as CB1 (upon binding of CB1 ligand) and 
NCAMI (upon binding of NCAM1 Ab). Right: Diagram showing the ERK 
signaling cascade downstream of RTK. PLC, phospholipase C; MEK, 
mitogen-activated protein kinase kinase. (B) Top: Immunofluorescence 
images of pERK in wild-type (WT) untreated neurons (left) and WT 
neurons treated with WIN for 10 min (right). WIN treatment was initiated 
by addition of WIN at 37°C. Bottom: Same as top, but for treatment with 
NCAMI Ab. Neurons were preincubated with NCAMI1 Ab at 4°C to allow 
NCAMI1 Ab” and “+NCAM1 Ab” conditions, 
and NCAMI1 Ab treatment ("“+NCAMI1 Ab”) was then initiated by a 
temperature increase to 37°C, whereas this temperature increase step was 
eliminated in the “-NCAMI1 Ab” condition to prevent signaling. Scale bar: 
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by GPCRs and CAMs (Fig. 2A) (4-7, 30). As ex- 
pected, preincubation with PP2, a specific Sre- 
family kinase inhibitor, abolished the increase 
in pERK signal induced by CB1 and NCAM1 li- 
gands in neurons (fig. S12). Notably, Src, a known 
mediator for GPCR-mediated RTK transactiva- 
tion (4, 6), also became substantially more co- 
localized with the MPS upon WIN treatment, 
and this colocalization was abolished by MPS 
disruption (Fig. 3C). To test whether this recruit- 
ment of Src to the MPS depends on Src activity, 
we generated three Src mutants with different 
levels of kinase activities (Sre““, SrcS#?°"2, and 
SrcSH?-en8) by introducing mutations that pro- 
mote the open (active) or closed (inactive) con- 
formation of Src (Fig. 3D) (37). The degree of 
colocalization between the MPS and these Src 
mutants scaled with their kinase activity in the 
absence of WIN, and the effect of WIN treat- 
ment on the Src-MPS colocalization was sub- 
stantially reduced for the constitutively active 
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symbols: 100 nM SR), WT neurons pretreated with LatA and CytoD (yellow), 
and Bll-spectrin knockdown (KD) neurons (red). Bll-spectrin KD was 
induced by adenovirus expressing Bll-spectrin ShRNA (fig. S6A). Data 
are mean + SEM (n = 3 biological replicates; 20 to 30 imaged regions 
were examined per condition). (D) Same as (B), 
neurons instead of WT neurons. (E) Western blot analysis for phosphoryl- 
ated (activated) TrkB (pTrkB) and total TrkB in whole-cell lysates from WT 
neurons (top) and Bll-spectrin KD neurons (bottom) before and 10 min 
after WIN treatment. (F) Western blot analysis for phosphorylated 
(activated) FGFR (pFGFR) and total FGFR in whole-cell lysates from WT 
neurons (top) and Bll-spectrin KD neurons (bottom) before and 10 min 
after the initiation of WIN or NCAM1 Ab treatment. Western blots are 
representative examples from two independent biological replicates. 
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mutant Sre““t, exhibiting only a 48% (instead 


of a three to fourfold) increase in 1D cross- 
correlation amplitude, and the WIN-induced 
increase was completely abolished for the two 
inactive Sre mutants (SreS#?°"8 and SreSH?3en8) 
(Fig. 3D and fig. $13). Likewise, Fyn, the Srec- 
family kinase mediating NCAM1-induced RTK 
transactivation (30), also exhibited enhanced 
colocalization with the MPS upon NCAMI1 Ab 
treatment (fig. S14). 

The above results suggest that the MPS acts 
as a signaling platform that brings CB1, NCAM1, 
RTKs, and Src-family kinases into proximity to 
enable RTK transactivation by CB1 and NCAM1. 
Next, we investigated whether RTK transacti- 
vation and the downstream ERK signaling in 
turn have any effect on the MPS. After WIN or 
NCAM1 Ab treatment, the MPS was degraded 
gradually over time (Fig. 4, A and B, and fig. S15, 
A and B). Preincubation with the CBl-antagonist 


SR blocked the WIN-induced MPS degradation 
(Fig. 4, A and C). Preincubation with U0126, 
an inhibitor (median inhibitory concentration 
ICs = 60 to 70 nM) of MEK, the kinase upstream 
of ERK (Fig. 2A), also protected the MPS from 
degradation (Fig. 4, A and C, and fig. S15, Aand 
C), indicating that the MPS degradation was a 
result of the ERK signaling. Brain spectrin is the 
substrate of the calpain protease (32) and RTK- 
induced ERK signaling activates calpain-2 (33), 
raising the possibility that the observed MPS 
degradation may result from cleavage by calpain. 
Indeed, we found that inhibiting calpain ac- 
tivity with an inhibitor MDL-28170 (MDL; K; = 
8 nM) or short hairpin RNA (shRNA) against 
calpain-2 prevented signaling-induced MPS deg- 
radation (Fig. 4, A and C, and fig. $15, A and C). 
With calpain or MEK activities inhibited and 
hence the MPS retained, the ligand-induced 
colocalization between signaling molecules and 


the MPS was also maintained (fig. S16). These 
results indicate that CB1- and NCAM1-medi- 
ated RTK transactivation turns on an ERK- 
dependent calpain pathway that degrades the 
MPS. This degradation was reversible: the MPS 
structure reassembled within a few hours 
after ligand removal (fig. S17). 

Because the MPS structure brings RTKs, RTK 
transactivators, and Src-family kinases into prox- 
imity to facilitate RTK transactivation, we envi- 
sioned that the MPS degradation could provide a 
negative feedback to reduce the strength of ERK 
signaling induced by RTK transactivation. Indeed, 
preventing MPS degradation by the calpain inhib- 
itor MDL or calpain-2 knockdown increased ERK 
signaling induced by both WIN and NCAMI1 Ab 
(Fig. 4, D and E, and fig. $15, D and E), supporting 
the existence of such a negative feedback loop. 

Ligand binding could also induce receptor 
endocytosis, a process known to positively or 
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Fig. 3. The MPS functions as a signaling platform that brings RTKs, 
RTK transactivators, and Src kinases into proximity. (A) Left panels: 
Two-color STORM images of Bll-spectrin (green) and TrkB (magenta) 
(top panels) and of Bll-spectrin (green) and FGFR1 (magenta) (bottom 
panels) in CB1-positive axons of untreated neurons (left, “-WIN"”), neurons 
treated with WIN (middle, “+WIN”), and neurons pretreated with LatA 
and CytoD before WIN addition (right, “+WIN, +LatA/CytoD”). Right 
panels: Average 1D cross-correlation functions and 1D cross-correlation 
amplitudes between the distribution of Bll-spectrin and the distributions 
of RTKs (TrkB or FGFR1) from many CB1-positive axons for the three 
conditions. **P < 0.01, *** P < 0.001; actual P values (from left to right): 
2.3 x 10°°, 5.6 x 1074, 2.8 x 10°°, and 1.2 x 10°3 (unpaired Student's 

t test). (B) Similar to (A), but for co-imaging of CB1 instead of Bll-spectrin, 
with the two RTKs. The results for the +WIN condition in Bll-spectrin KD 
neurons are additionally shown in green (+WIN, Bll-spectrin KD). **P < 0.01, 
***P < 0.001; actual P values (from left to right): 6.7 x 10-*, 7.3 x 10°+, 3.8 x 
10-4, 5.2 x 10°*, 6.8 x 1074, and 1.0 x 1073 (unpaired Student's t test). 
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(C) Similar to (A), but for co-imaging of Src with Bll-spectrin. ***P < 0.001; 
actual P values (from left to right): 6.4 x 107+, 2.2 x 10-4 (unpaired 
Student's t test). (D) Left: Diagram showing the intramolecular domain 
organizations of the three Src variants. Src** is a constitutively active 
mutant, and gray dots in Src** indicate the sites modified to disrupt the 
auto-inhibiting intramolecular domain interactions. SrcS'?°"8 and SrcSH#3ene 
are inactive mutants, and red dots in these mutants indicate the sites modified 
0 facilitate the auto-inhibiting intramolecular domain interactions. The red 
“P" represents the major phosphorylation site of activated Src. Right: Average 
1D cross-correlation amplitudes between the distributions of Bll-spectrin and 
he three Src mutants. *P < 0.1; n.s., not significant (P > 0.1); actual P values 
(from left to right): 1.1 x 10°, 0.74, and 0.49 (unpaired Student's t test). Data in 
bar graphs are mean + SEM (n = 3 biological replicates; 100 to 200 axonal 
regions were examined per condition). Bll-spectrin and CB1 were visualized as 
described in Fig. 1; TrkB, FGFR1, and Src variants were visualized by moderate 
expression of GFP-tagged TrkB, FGFRI1, or Src variants through low-titer 
entiviral transfection and detection through GFP antibody. Scale bars: 1 um. 
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negatively regulate various signaling pathways 
(34, 35). In addition to providing a platform for 
recruiting signaling molecules, could the MPS 
influence the endocytosis of these molecules, 
which in turn also impacts ERK signaling? To 
examine whether the MPS affects CB1 endocyto- 
sis, we examined how the rate of ligand-induced 
CB1 endocytosis changed under two MPS pertur- 
bation conditions: (i) BI-spectrin knockdown, 
which disrupts the MPS, and (ii) MDL treat- 
ment, which protects the MPS from signaling- 
induced degradation. BII-spectrin knockdown led 
to a substantial increase in WIN-induced CB1 
endocytosis, whereas MDL treatment inhibited 
WIN-induced CB1 endocytosis (fig. S18), indicating 
that the MPS structure can repress endocytosis. 
To estimate how much this effect of MPS on 
CB1 endocytosis would contribute to the observed 
negative feedback on signaling, we examined 
the ERK signaling in clathrin heavy chain (CHC) 
knockdown neurons, as CB1 endocytosis is known 
to occur in a clathrin-dependent manner in neu- 


A 


Bll-spectrin 


Zz: 


-450nm 450nm 


+WIN, +U0126 1h 


F 


CB1,or NCAM1 
Ankyrin, 


MPS 


rons (36). Although CHC knockdown inhibited 
CB1 endocytosis at least as strongly as MDL 
treatment did (fig. S18), it did not have an ap- 
preciable effect on ERK signaling induced by 
WIN (fig. S19), suggesting that the enhancement 
in ERK signaling observed under calpain inhi- 
bition (Fig. 4E) was not primarily the result 
of inhibition of endocytosis. Hence, for CB1- 
mediated RTK transactivation, the negative 
feedback caused by the signaling-induced MPS 
degradation was likely a direct effect of the 
loss of the structural platform for signaling- 
molecule recruitment. Whether the same is 
true for NCAM1-mediated RTK transactivation 
remains to be investigated. 

Taken together, our results suggest that the 
MPS serves as a structural platform for bringing 
signaling molecules, including GPCRs, CAMs, 
RTKs, and Src-family kinases, into proximity to 
enable GPCR- and CAM-mediated transactiva- 
tion of RTKs and the downstream ERK signaling 
(Fig. 4F). These signaling molecules were recruited 
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to sites near the center of the spectrin tetramer, 
where the adaptor protein ankyrin binds. Both 
spectrin and ankyrin are large scaffolding pro- 
teins containing multiple domains, which could 
provide multiple binding sites for signaling mol- 
ecules and bring them into proximity to form 
signaling complexes. It has been shown that 
GPCR-signaling components, CAMs, and the 
Src kinase can interact with specific molecular 
domains of spectrin or ankyrin (13, 37, 38). It is 
also possible that some of these signaling mol- 
ecules are first recruited to the MPS to increase 
their local concentration, which in turn facilitates 
the recruitment of other signaling molecules 
through multivalent interactions. In support of this 
view, optogenetically induced self-oligomerization 
of the SH2 domain, a common protein domain 
in many signaling molecules, including Src and 
Fyn kinases, has been shown to facilitate com- 
plex formation between RTKs and SH2, thereby 
activating RTKs (39). Our results raise the in- 
teresting possibility that MPS may facilitate 


+WIN 
+WIN, +MDL 
+WIN, Calpain-2 KD 


“other MPS-independent 
attenuation mechanisms 


Fig. 4. ERK signaling causes disassembly of the MPS structure, 
providing a negative feedback for signaling. (A) 3D STORM images 

of Bll-spectrin in CB1-positive axons of untreated neurons, neurons treated 
with WIN for 1 hour in the absence and presence of SR (a CBI antagonist), 
U0126 (a MEK inhibitor), MDL (a pan-calpain inhibitor), and calpain-2 KD 
neurons treated with WIN for 1 hour. Calpain-2 KD was induced by adenovirus 
expressing calpain-2 shRNA (fig. SI5A). Scale bars: 1 um. Colored scale bar 
indicates the z-coordinate information. (B) Average 1D auto-correlation 
amplitude of the Bll-spectrin distribution, indicating the degree of the 
periodicity in the MPS, calculated from many axon segments at different 
time points after addition of WIN. **P < 0.01, ***P < 0.001; actual P values 
(from left to right): 1.6 x 10-3 and 5.9 x 10°“ (unpaired Student's t test). 
(C) Average 1D auto-correlation amplitudes for the six conditions described in 
(A). **P < 0.01, ***P < 0.001; actual P values (from left to right): 8.0 x 1074, 
9.2 x 10°47, 6.3 x 10°*, and 3.5 x 10°? (unpaired Student's t test). Data in (B) 
and (C) are mean + SEM (n = 3 biological replicates; 50 to 100 axonal regions 
were examined per condition). (D) Immunofluorescence images of pERK in 
neurons pretreated with MDL, before (left) and after (right) WIN treatment. 
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Scale bar: 25 um. (E) Time courses of ERK activation upon addition of 
WIN for control neurons (blue), neurons pretreated with MDL (green), and 
calpain-2 KD neurons (red). The curve for control neurons is reproduced 
rom Fig. 2C. Data are mean + SEM (n = 3 biological replicates; 20 to 
30 imaged regions were examined per condition). (F) Schematic showing the 
PS functioning as a dynamically regulated platform to recruit signaling 
molecules and enable RTK transactivation. Upon ligand binding to RTK 
ransactivators (CB1 and NCAM1), these transactivators, RTKs (TrkB and 
FGFR), and related Src-family tyrosine kinases (Src and Fyn) are recruited to 
the MPS and brought into proximity of each other, enabling RTK trans- 
activation and downstream ERK signaling. ERK activation in turn induces 

PS degradation in a calpain-dependent manner, providing a negative 
eedback loop to attenuate the strength of ERK signaling. MPS degradation 
also leads to an increase in receptor endocytosis. Because the ligand-induced 
increase in the pERK signal was followed by a decay under both control 
conditions and conditions where the MPS degradation was inhibited by 
inhibiting calpain activity (Fig. 4E and fig. SI5E), other MPS-independent 
attenuation mechanisms may contribute to the observed pERK signal decay. 
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multivalent-interaction-mediated phase sep- 
aration of signaling molecules. Our observa- 
tions of the recruitment of signaling molecules 
to the MPS upon ligand stimulation suggest a 
critical role of the MPS in signaling. Indeed, 
disruption of the MPS abolished ligand-induced 
RTK transactivation by CB1 or NCAM1 and the 
downstream ERK signaling. Furthermore, we 
demonstrated that the ERK signaling induced 
reversible MPS degradation in a calpain-protease- 
dependent manner, which in turn caused an 
attenuation of signaling strength, providing a 
negative feedback loop (Fig. 4F). In addition, 
we observed that MPS can regulate endocytosis, 
potentially providing another mechanism for sig- 
naling regulation. Overall, our results demon- 
strate that the MPS functions as a dynamically 
regulated structural platform for GPCR- and 
CAM-mediated RTK transactivation and sig- 
naling, providing a mechanism for regulating 
signal transduction in neurons. 
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Hybrid Microscopes 
Despite sharing many optical compo- 
nents, conventional microscopes have 
always existed in two basic configura- 
tions: upright or inverted. While most 
labs have to purchase two separate 
@ ‘Microscopes for viewing different 
samples, Echo has developed the 
world's first hybrid microscope that can be flipped to perform in either 
configuration. Users can quickly tailor their microscope to suit their 
specific needs and will appreciate the intuitive touchscreen. Touch- 
screen functions drive cameras and illumination, replacing manual tur- 
rets and levers. No more clicking is needed—just tap to count or draw 
lines to measure. Traditional eyepieces have been replaced with iPad 
Pro tablets to provide easier viewing and crystal-clear images through 
their Liquid Retina display. Restore settings from previously captured 
images to accurately reproduce experiments. Share findings in sec- 
onds with Dropbox, AirDrop, USB, and other iOS file-sharing options. 
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EV Isolation System for Serum and Plasma 

System Biosciences offers the SmartSEC HT EV Isolation System for 
Serum & Plasma, the first kit on the market that enables extracellular 
vesicle (EV) isolation in a 96-well plate-based format. With SmartSEC HT, 
you get high yields of highly pure EVs needed for biomarker discovery, 
diagnostic development, therapeutic development, and more. Smart- 
SEC HT combines all the benefits of size-exclusion chromatography 
(SEC)—purity, yield, reproducibility, and preservation of EV integrity—with 
a contaminant-trapping feature that overcomes the limitations of conven- 
tional SEC for a fast, easy, EV isolation workflow. Each SmartSEC HT kit 
comes with optimized amounts of SmartSEC resin already aliquoted into 
a 96-well filter plate, SmartSEC Isolation Buffer, and two collection plates. 
Each well of the filter plate can be loaded with 250 pL-500 pL of serum 

or plasma, and if desired, unused wells can be preserved for future use. 
The entire system is compatible with standard manual and automated 
liquid-handling systems. 

System Biosciences 

For info: 888-266-5066 

www.systembio.com 


Soft X-Ray Light Source 

The 642-1 Soft X-Ray (SXR) light source from McPherson features a six- 
position anode carousel. Users can easily change anode target materials 
without breaking vacuum. Using different anode materials allows for 
tuning of the emitted electronvolt energy. The vacuum housing of the 
source features standard NW40K vacuum flanges (optionally DN40CF). 

It also features two equivalent output beams, which enable sample/refer- 
ence comparison and device calibration. The new source is easy to set 
up and provides a reliable emission-line source and a means for 
at-wavelength calibration, or metrology of SXR lithography materials, 
multilayers, or grazing-incidence optical systems for astrophysics and 
other fundamental research. 

McPherson 

For info: 800-255-1055 

www.mcphersoninc.com 
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Infectious Disease Reagents 

The Native Antigen Company is one of the world’s leading suppliers of 
reagents that enable research into vaccine development and diagnostics 
for emerging and endemic infectious diseases. It specializes in the devel- 
opment and manufacture of native and recombinant viral and bacterial 
antigens, antibodies, and immunoassays, alongside bespoke product de- 
velopment and custom manufacturing using its proprietary mammalian 
cell expression system. The Native Antigen Company's team has decades 
of experience in the isolation and purification of native antigens and high- 
yield mammalian cell expression systems, ensuring conformity to native 
type. Its high-quality reagents have been widely adopted by leading 
pharmaceutical companies, in vitro diagnostic assay manufacturers, and 
academic groups involved in cutting-edge vaccine research and serology, 
where correct folding and glycosylation are vital. 

The Native Antigen Company 

For info: +44-(0)-1865-595230 

thenativeantigencompany.com 


Targeted Protein Degradation for Drug Discovery 

AMS Biotechnology has introduced a new range of homogeneous prox- 
imity assays, critical enzymes, and small-molecule inhibitors to assess the 
chemical adaptor function of proteolysis targeting chimeras (PROTACS). 
Targeted protein degradation using PROTACs is a promising new thera- 
peutic method in drug discovery. PROTACs can regulate protein degrada- 
tion through targeted control of ubiquitin E3 ligases. The PROTAC method 
offers many advantages compared to traditional protein inhibition, which 
requires sustained protein binding to evoke the intended biological reac- 
tion. This can be problematic in the incidence of target overexpression, 
the presence of competing ligands, or protein mutations that lead to 
binding resistance. PROTACs bypass these issues by promoting degrada- 
tion that circumvents the native resistance of proteins against sustained 
inhibition. Even select weak-binding and promiscuous ligands can be 
used with PROTACs and still demonstrate high degradation efficacy. Also, 
ineffectual ligands that do not modulate the cellular functions of the pro- 
tein of interest can mediate degradation through PROTACs. Whether the 
ligand is a strong inhibitor, a weak binder, promiscuous, or ineffectual, 
PROTACSs offer the ability to degrade proteins previously believed to be 
“undruggable” through conventional small-molecule inhibition. 

AMS Biotechnology 

For info: 617-945-5033 

www.amsbio.com 


Mass Spectrometer 

The Thermo Fisher Scientific Orbitrap Exploris 480 mass spectrometer is 
a quadrupole-Orbitrap mass spectrometer based on the hardware and 
instrument-control software designs of the next-generation Thermo 
Scientific mass spectrometers. Built on the guiding principles of ease- 
of-use and hardware reliability, its robust system performance boosts 
sample throughput. Soundness of data is assured with high-resolution 
accurate-mass (HRAM) selectivity, high scan speed and best-in-class mass 
spectral quality, all within a compact footprint to conserve bench space. 
Simplified operation, smart scheduling, and execution of user-selected 
scan types deliver rich, high-confidence sample insights for users of all 
skill levels in a wide range of applications, from small molecules to pep- 
tides and intact proteins. 

Thermo Fisher Scientific 

For info: 866-984-3766 

www.thermofisher.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are featured in this 
space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or materials mentioned is not 


implied. Additional information may be obtained from the manufacturer or supplier. 
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Community science: Not just a hobby 


Community science groups have an inclusive, open-door 
ethos that makes them a natural place to learn informally 
about scientific careers. Members explore, create, and 
problem-solve as they work together on do-it-yourself projects 
in conservation, synthetic biology, and more. If you join a 
community science lab, don’t expect a straightforward path to 
a job. But do expect to meet potential mentors and advisors, 
make local connections, and gain skills to support your 
professional development. By Chris Tachibana 


ichal Galdzicki started doing community science 
nearly 10 years ago, while getting a Ph.D. in 
bioinformatics and bioengineering from the 
University of Washington (UW). The community 
science movement is still evolving, he says, so even members 
don't know if they should call it citizen science, DIY for “do 
it yourself,” or something else. Participants may identify as 
artisans, hackers, or makers, but all celebrate hands-on, 
open, accessible science. Projects can be about engineering, 
environmental conservation, art, food, and more—often 
covering multiple topics at once. For example, Galdzicki 
originated a DIY-genotyping project for tracking the origin of 
salmon from markets and restaurants. 

Galdzicki now has the title "Data Czar,” in charge of 
integrating information at the Seattle protein-design company 
Arzeda. He says he constantly applies expertise from his 
community science work. Especially in a startup company, 
resourcefulness, low-cost creativity, and on-the-spot problem- 
solving are essential. Community science projects can develop 
those capabilities. For him, he says, "DIY actually means ‘figure 
it out yourself.” 

Kevin Chen also benefited from cofounding the community 
science group Bricobio in 2013 in Montreal. In 2014, he 
launched the company Hyasynth, which uses engineered 
microbes to generate cannabis-derived medicines. Bricobio 


Upcoming features 


helped with connections, he says, bringing the right people 
with the right interests together to start the company. 

Chen, Galdzicki, and others emphasize that community 
science is not about career advancement. Its primary goals, 
Chen says, are around democratization, “breaking down walls 
to increase access to science and get the public engaged with 
its tools.” Still, being part of the community science world can 
provide professionally useful skills and connections. 


A global mission—with networking opportunities 

Community science projects cover a broad spectrum, 
ranging from collecting weather data with home sensors 
to culturing microbes to produce milk proteins. Synthetic 
biology is acommon theme, Chen explains, because the 
history of community science includes sharing BioBricks, 
which are units of DNA sequences for engineering microbes. 
Teams for the International Genetically Engineered Machine 
(iGEM) Foundation Jamboree, held annually since 2003 at the 
Massachusetts Institute of Technology (MIT) in Cambridge, 
develop projects for the event using a standard BioBrick 
kit. Companies including Hyasynth, Ginko Bioworks, and 
SynBioBeta count "iGEMers” among their founders and 
employees. 

The diversity of people and interests in community science 
is highlighted by the hundreds of participants at the Global 
Community Bio Summit at the MIT Media Lab. Activities, Chen 
says, include productive discussions, useful breakout sections, 
and global collaborations. 

David Kong directs the MIT Community Biotechnology 
Initiative and founded the Global Community Bio Summit. 

He describes his work as “helping crystallize global networks 
around community science.” The goal of the Bio Summit, he 
says, is to move science from individual labs to a collective 
intelligence that advances it in a coordinated, decentralized 
fashion. cont.> 
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The SGo Paulo Research Foundation (FAPESP), one of the leading 
Brazilian agencies dedicated to the support of research, has 
ongoing programs and support mechanisms to bring researchers 
from abroad to excellence centers in Sdo Paulo. 
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Bio Summit attendees 
meet people who share this 
broader scientific objective. 
They can also connect with 
people in decision-making 
positions. In 2018, Bio Summit 
donors and sponsors included 
the global corporations 
Scientist.com, MilliporeSigma, 
and Takeda. Akiko Otani, 
Takeda's director of public- 
private partnerships, was one 
of several participants from the pharmaceutical company. 

Otani stresses that Takeda’s primary goal in sending 
representatives to the Bio Summit was not recruiting 
or scouting for employees. Instead, she says, “It was an 
opportunity to connect with and support people around 
the world who are doing science in their own communities.” 
Projects such as teaching science to children in India 
using paper microscopes showed “young scientists doing 
impressive, innovative things with limited resources.” Otani was 
impressed at the innovation and practical skills demonstrated 
by attendees that went beyond their academic achievements. 
She noted that the Bio Summit highlighted a diversity of 
thoughts, ideas, and people—a perspective that she brought 
back to Takeda by having Kong present to her team about the 
community bioscience philosophy. 


Akiko Otani 


The spaces where it happens 

Global summits are energizing, but the real work of DIY 
scientists happens in community labs. At first glance, these 
spaces can resemble traditional academic, government, and 
for-profit facilities. Seattle’s SoundBio Lab, for instance, has 
incubators, centrifuges, and a pipetting robot. Lab members, 
however, range from high school students to retirees. 
Members may be artists incorporating science in their work, 
programmers contributing computer skills, parents introducing 
their kids to technology, or entrepreneurs piloting 
startup ideas. 

Like most community labs, SoundBio is governed by 
a volunteer board. It’s funded by donors and a low-cost 
membership fee. The SoundBio mission is educational, but 
some community labs are more like incubator spaces for 
startups, says cofounder Zach Mueller. SoundBio literally 
started “with people sitting around on lawn chairs in Zach's 
garage,” cofounder Galdzicki says. Moving to lab space near 
UW meant that he, Mueller, cofounder Regina Wu, and early 
SoundBio members did all the work of creating their nonprofit 
organization, including paperwork, fundraising, and building 
lab benches. 

Other learning experiences that can result from community 
science include mentoring, teaching, and collaborating with 
people with diverse backgrounds and interests. Networking 
is not a goal of SoundBio but can happen automatically. Many 
of those working at the lab have local connections: Wu works 
at Fred Hutchinson Cancer Research Center and Mueller at 
Amazon, while Yoshi Goto, director of operations and lab 
manager, has interned at Arzeda. 

When Galdzicki started doing community science, his 
graduate school advisors were John Gennari, in UW's 
Biomedical Informatics and Medical Education department, 
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and Herbert Sauro, in UW's Department of Bioengineering. 
Both supported this outside activity, even for an early-career 
researcher who had a thesis to complete. Gennari says that 
his department is interdisciplinary, with projects that include 
studying patient communications via social media and 
presenting science to laypeople. Community science aligns 
with that work and is a way to acquire and practice science 
communication skills. For that reason, some students and 
postdocs find that community science complements their 
research and grounds it in the real world. In addition, Gennari 
says, “research is intense” and any external activities help 
“clear your mind.” 

Community science is also a public-outreach opportunity. 
Sauro notes that some funding agencies, such as the U.S. 
National Science Foundation, require outreach activities. 

By working with the public on projects, scientists learn to 
explain and justify their research to laypeople. The activity 
also educates the general population about science, Sauro 
says. Many science outreach and communication programs 
are geared toward kids, so he appreciates that community labs 
include adults. “They vote and pay taxes that pay our salaries,” 
he says, “so they should also be part of science outreach.” 

Chen says that currently, about half the participants in 
Montreal's Bricobio are academic scientists. For them, Bricobio 
is an inspiring, friendly space to build their skills and share 
their knowledge, he explains. As someone who now hires 
for his company, Chen observes that community science 
experience on a CV is noteworthy and demonstrates an ability 
to think beyond academic science. Others in hiring positions at 
universities and companies also say they notice citizen science 
or maker projects, or participation in community science or 
iGEM, but do not prioritize applications with these activities. 

Nonetheless, to some, community science experience 
demonstrates creativity, genuine interest in the field, and job- 
related competence, especially for participants who initiate 
projects or develop them from scratch. Gennari and Sauro said 
they would look favorably at community science membership 
that was mentioned in an application from a graduate student, 
postdoc, or even faculty member. Gennari said he would 
consider it an indication of organizational and communication 
skills. Both he and Sauro emphasize, however, that not 
everyone would agree. 


Making and marketing 

Somewhat related to community science are maker 
organizations. These groups often focus on creating tangible 
items, such as furniture or musical instruments, but the 
community science and maker movements aren't separated 
by a clear line. Take Laura Penman’s work with Copenhagen 
Maker in Denmark. As part of completing her Master’s degree 
in digital manufacturing at London Metropolitan University, 
Penman self-built a 3D printer based on open-source designs 
from ceramicist Jonathan Keep. The printer creates items 
using organic material, such as coffee grounds, inoculated with 
fungal spores. The fungi grow into a networked mycelium that 
can be treated to create a solid, biodegradable material. 

When Penman moved to Denmark, she got involved in 
the maker community—not to find a job, but to meet people. 
“As a byproduct,” she says, “I found people who helped my 
professional development by pushing me to try out ideas.” For 
example, through the community, Penman meta professor at 

cont.> 
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a leading position at SciLifeLab 


To further strengthen our research environment 
and complement research areas already present at 
SciLifeLab, we are now looking to recruit an outstanding 
young group leader to a new SciLifeLab Fellows position. 


The fellow will become an associate at the SciLifeLab 
research center, as well as contract a position at Stockholm 
University. 


About SciLifeLab 


SciLifeLab Fellows position / Assistant Professor in 
Neurochemistry 


Focused on molecular techniques to visualize and 
manipulate activity in the nervous system. 


Read more at: www.scilifelab.se/fellows. 
Application deadline: September 10, 2019. 


As a national hub for molecular biosciences in Sweden, SciLifeLab (Science for Life Laboratory) facilitates cutting-edge, multi-disciplinary 
life science research and promotes its translation to the benefit of society. The center focuses on both health and environmental research 
and is jointly operated by its four founder universities: KTH Royal Institute of Technology, Karolinska Institutet, Stockholm University, and 
Uppsala University. About 200 research groups, 1500 researchers and 40 national infrastructure facilities are associated with SciLifeLab. 
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Arzeda MIT Media Lab 
www.arzeda.com www.media.mit.edu 
Bricobio SoundBio 
www.brico.bio sound.bio 
Copenhagen Maker Takeda 


www.copenhagenmaker.com www.takeda.com 


Hyasynth 
hyasynthbio.com 


University of Washington 
www.washington.edu 


International Genetically 
Engineered Machine 
Competition 

igem.org 


the IT University of Copenhagen Digital Design Department 
who provided her with informal advice and mentoring for her 
maker project and her career. 

Penman now works for 3Shape, which makes 3D scanners 
and software. Getting the job did not involve maker 
connections, though. One day, Penman bicycled past the 
company’s building, noticed the name, and then checked the 
company’s employment page. Penman says the 3D printing 
project was an asset that helped her CV stand out, though. 
Reflecting on these experiences, she says the career benefits 
of community science or maker participation are “hard to 
predict, but can be huge as long as you're not expecting a 
direct link to a job.” 

Even now, as an engineer for a 3D company, Penman still 
participates in Copenhagen Maker. Her motivations align with 
those of Galdzicki and Chen, whose day jobs and community 
lab work use related competencies. The difference, the three 
say, is that community science allows for more creativity. The 
work is driven by member and community interests rather than 
company directives and has few constraints beyond the usual 
need for time and funding. 

Copenhagen Maker has a professionalization side, though, 
says Stine Broen Christensen, leader of the Copenhagen 
Maker Festival. A goal of the nonprofit organization is making 
technology accessible to the public through education, 
urban development, and democracy initiatives. Another is 
showcasing small businesses that originated as community 
science or maker projects. As an example of a science-based 
small business that uses the Copenhagen Maker Festival 
to interact with the public and promote its product, Broen 
Christensen names PlatoScience. Started by a neuroscientist 
and a product designer, the company makes personal 
neurostimulation headsets to increase focus and productivity. 

Copenhagen Maker also runs Underbroen, a space for 
startups and small- and medium-sized enterprises “to go 
from maker to market,” Christensen says. The space brings 
entrepreneurs together and encourages them to share 
knowledge, resources such as 3D printing and milling 
equipment, and skills such as programming and 
graphic design. 


Occasionally life- and career-changing 

Participants in community science, maker spaces, and events 
like the Global Bio Summit or iGEM emphasize that these 
activities do not lead directly to a job. Sometimes, though, 
joining the community can be career changing. Japheth Kelly 
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“[Community science is about] ... breaking down walls to 
increase access to science and get the public engaged 
with its tools.” 

— Kevin Chen (lower left corner) 


was a computer science student at Ashesi University in Accra, 
Ghana, when he saw a poster in the library about iGEM. 

The iGEM Jamboree brings thousands of participants to 
MIT, including teams from community labs such as SoundBio, 
which sends a group of high school students. Kelly’s team 
members were from his university. Not only were they the first 
iGEM team from the West African region, he says, “we were 
all engineers with no biology background.” Recruited and led 
by faculty member Elena Rosca, the team quickly got trained 
in synthetic biology methods and developed their project to 
use engineered bacteria to reduce the toxicity of gold mining 
in Ghana. The team won a silver medal for their work and the 
Chairman's Award for iGEM spirit and values. 

For Kelly, the project led to a job growing the scientific and 
synthetic biology community in his region. He is now an iGEM 
Ambassador and travels around Africa, raising awareness 
about iGEM with young scientists and industry and academic 


leaders who could support them. The job requires researching 


a country’s education policies, pitching to funders, and 
aligning university and company interests with solutions that a 
synthetic biology team can provide. 

Kelly's career plans are to work in industry, get more 
education, and return to Ghana to teach. He says his iGEM 
work, which was reported extensively in the media, has been 
recognized by employers. He adds that the challenges of 
the experience were actually opportunities. Lack of funding 
seemed like a disadvantage, “but | learned skills from 
presenting and giving pitches to investors,” he says. “| learned 
to tell a story that can get us help with our projects.” His team 
dealt with equipment that had to go abroad to get repaired 
and customs agencies that didn’t understand materials sent 
to them for synthetic biology. Overcoming these barriers gave 
his team problem-solving experience that they now present to 
employers as a valuable skill. 

Now, when Kelly talks to students about getting involved 
with science at a grassroots level, he tells them, "You need 
heart and determination to get through the hard, long nights 
in the lab when you often get results you weren't expecting, 
but you'll get help from a network that will bring other 
opportunities to your door. If |, Japheth Kelly, a nonbiologist, 
can do it, | say you definitely can, too.” 


Chris Tachibana is a freelance writer who specializes in life sciences. 
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SESYNC Request for Proposal: 2020 Postdoctoral 
Fellowship Program 
Applications due November 8, 2019 


The National Socio-Environmental Synthesis Center (SESYNC) invites 
applications from early-career scholars (< 4 years post Ph.D.) for two-year 
postdoctoral fellowships that begin June 1, 2020. Primarily funded by the 
National Science Foundation, SESYNC is an international leader in supporting 
interdisciplinary socio-environmental synthesis research. We support a 
vigorous postdoctoral program that currently includes ~15 postdoctoral 
fellows undertaking original socio-environmental (S-E) synthesis research. 
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Position Summary: Fellows are in residence at SESYNC full time at our 
Center in Annapolis, Maryland. Each works with a Collaborating Mentor of 
their choosing that extends the fellow’s current network of collaborators; 
the mentor may be affiliated with any organization or institution. Successful 
candidates will use synthesis methods to address a problem arising from, or 
associated with, the relationship between humans and nature. Priority will be 
given to projects that have the potential to advance understanding of socio- 
environmental systems. SESYNC encourages applications from candidates 
who will take advantage of ecological, social or geoscience data sets (e.g., 
geospatial, hyperspectral, etc.), ongoing experiments, or modeling results. The 
fellowship provides a competitive salary and travel funds to interact with a 
mentor and attend conferences. Besides undertaking a synthesis research 
project, postdoctoral fellows will take part in SESYNC’s Socio-Environmental 
Immersion Program. Unique among environmental postdoctoral programs, 
a learning component of the program will immerse fellows in theory 
foundational to understanding socio-environmental systems and prepare them 
to conduct interdisciplinary and actionable research. 


nce Careers 


Step by step application details for the program, requirements, and deadlines 
can be found at http://sesync.us/postdoc2020. Applications are due 
November 8'". Please contact us at postdoc.application@sesync.org with 
questions. 
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Lerner Research Institute 
Postdoctoral Fellowships Available 


The Lerner Research Institute is home to basic, translational and clinical Ap p ly to t h e J a n S Ss e n 


research at Cleveland Clinic, ranked one of the nation’s top hospitals by 
U.S. News and World Report. With over $140M in federal grants and | 
an annual research budget of over $270M, the Lerner is consistently Po st- Doc Prog ra ms: 
ranked among the top research institutes in the nation. Postdoctoral 


fellows routinely obtain grant funding and first-author publications in 
top-tier journals. 
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The Janssen Post-Doc (PD) program offers 
Postdoctoral Job Opportunities: early oe chemical, pICemaNeeHng); ane 

http://www.lemer.cef.org/jobs/postdoctoral/ biological scientists a best-in-class experience 
For further information email: RETC@ccf.org learning and working with world-class drug 
developers to: 

The Lerner Experience 

Opportunity to train among world-class scientists and physician- 
scientists in a top-ranked healthcare institution A Broaden your network 
Multidisciplinary, disease-focused research programs 
180 principal investigators across 10 departments with over 700,000 * Publish novel research in high-impact 
square feet of research space journals 
Competitive salary and benefits package 
Active Postdoctoral Association and 250+ postdocs 
Career development opportunities and support through the Research 
Education and Trailing Center 


+ — Address challenging scientific questions 


Learn more about Post-Doctoral careers, 
visit us at: WWw.careers.jnj.com 


City of Cleveland 
Cleveland is a multicultural city with nationally acclaimed museums, 
sports, restaurants, and music and arts programs. Situated on Lake Erie, 


_— 
the area offers stunning views, beaches, and water sports. Low cost of 
living, with below average traffic and commute times for major cities. J d n SS e nN 
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CARDIOVASCULAR RESEARCH 
TRAINING PROGRAM 


Postdoctoral Fellowship in Cardiovascular Research 


A postdoctoral fellow position is available in the Cardiovascular Research Training Program (CRTP) at the 
University of New Mexico (UNM) Health Sciences Center (HSC; https://hsc.unm.edu/), funded by a T32 
grant from NIH/NHLBI. The goal of the CRTP is to provide exceptional pre- and post-doctoral trainees a 
broad, multidisciplinary background in cardiovascular and pulmonary research with integration between basic 
and clinical sciences. This research program provides a rich academic training environment, including the 
resources, technical approaches, communication skills, and professional interactions that will aid the trainee 
becoming an independent investigator in cardiovascular research. 


The program currently includes 22 faculty mentors at the School of Medicine and College of Pharmacy 
with research programs in vascular biology, cardiovascular toxicology and development, cell signaling, and 
clinical and translational research. Specific research interests include systemic and pulmonary hypertension, 
atherosclerosis, angiogenesis, oxidant signaling, metabolic and mitochondrial dysfunction, ion channels and 
intracellular calcium dynamics, endothelial biology, air pollutants and vascular injury, ischemic brain injury, 
adaptive immunity, estrogen receptor signaling, stem cell biology, drug discovery, and sleep apnea. 


The University of New Mexico, founded in 1889, is located in the heart of Albuquerque, a metropolitan area 
of more than 500,000 people situated in the historic Rio Grande River Valley at the base of the majestic Sandia 
Mountains. Albuquerque is one of the most culturally diverse cities in the country, reflected in its unique 
architecture, art, and cuisine (https://www. visitalbuquerque.org/). The city’s high altitude climate, abundant 
sunshine, and surrounding mountainous terrain provide many opportunities for outdoor activities, including 
skiing, golfing, hiking, fishing, and mountain biking. 

Minimum requirements: PhD, MD, or equivalent. Applications are restricted to U.S. citizens or permanent 
residents. 

Preferred qualifications: Research experience in cardiovascular physiology, pharmacology or toxicology; 
strong publication record; excellent communication and laboratory skills. 


The CRTP T32 provides an NIH level stipend, and allowances for tuition and fees, health insurance, training- 
related expenses, and travel to scientific meetings. Individuals from under-represented minority groups are 
strongly encouraged to apply. 

Applications must include a letter of interest, CV, and names and email addresses of three references. Direct 
correspondence to Dr. Thomas C. Resta, tresta@salud.unm.edu. 


Thomas C. Resta, PhD, FAHA, FAPS, Professor, Dept. of Cell Biology and Physiology, Director, Cardiovascular 
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CASE WESTERN RESERVE 
UNIVERSITY 
Postdoctoral Scholar - 
Department of Biochemistry 


Postdoctoral Position in the 
Unfolded Protein 


Response and Circadian Clock 
Biology 


The laboratory of Dr. J. Alan Diehl in the 
Department of Biochemistry at the Case 
Western Reserve University School of 
Medicine (CWRU) has postdoctoral positions 
available to investigate stress and nutrient 
mediated stress sensing by the Unfolded 
Protein Response during tumor development 
and progression. Specific points of inquiry 
include but are not limited to the regulation 
of non-coding RNAs and the Circadian Clock 
biology. 


The Department of Biochemistry has a highly 
interactive environment with state-of-the-art 
facilities and outstanding core laboratories. 
Excellent stipends and benefits packages are 
available. 


Interested candidates should send a Cover 
Letter, current CV, and names and contact 
information for 3 references to: J. Alan Diehl, 


Chair Department of Biochemistry (jad283@ 


Research Training Program, University of New Mexico Health Sciences Center, Albuquerque, NM 87131-0001; 
case.edu) 


Phone: 505-272-8822; Email: tresta@salud.unm.edu; Home page: https://vivo.health.unm.edu/display/n524 
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cy SCHOOL OF MEDICINE CENTER FOR NEUROIMAGING 


Post-Doctoral Fellow in Brain Imaging Genomics 
of Alzheimer’s Disease 


The Brain Imaging Genomics Laboratory of the Indiana University 
Center for Neuroimaging (CfN) and the Neuroimaging Core of the 
NIA-funded Indiana Alzheimer Disease Center (IADC), directed by 
Dr. Andrew Saykin, has openings for outstanding, highly motivated 
post-doctoral researchers with special interest in the areas of 
genomics/computational systems biology, cognitive neuroscience, 
and human brain imaging, to play a major role in state-of-the-science 
integrative studies of early stage Alzheimer’s disease (AD) and 
related disorders. 


FORD FOUNDATION FELLOWSHIPS 


For Achieving Excellence in College and University Teaching 
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Through its program of Fellowships, the Ford Foundation seeks 
to increase the diversity of the nation’s college and university 
faculties by increasing their ethnic and racial diversity, to maximize 
the educational benefits of diversity, and to increase the number of 
professors who can and will use diversity as a resource for 
enriching the education of all students. 


Special opportunities afforded by this fellowship include experience 
working directly with the Genetics Core of the NIA-funded 
Alzheimer’s Disease Neuroimaging Initiative and the IADC, as 
well as with the IU Network Science Institute (UNI), which is 
conducting pioneering integrative studies of systems biology, the 
human connectome, and networks of AD. The CfN, IADC, and 
IUNI are highly collaborative transdisciplinary environments with 
internationally known investigators in Medical Neuroscience, Medical 
and Molecular Genetics, Computer Science and Bioinformatics. 


Applicants should hold a PhD, MD or MD/PhD in bioinformatics, 
computational genetics, systems biology, neuroscience, or a related 
discipline, and have high motivation and enthusiasm for research and 
excellent written and oral communication skills. Preference is given 
to candidates with experience in one or more of the following areas: 
medical and molecular genomics, computational systems biology, 
network analysis, and multimodal MRI and PET neuroimaging. 


The Ford Foundation Fellowship Programs offer approximately 
70 predoctoral, 36 dissertation, and 24 postdoctoral awards. 


2020 APPLICATION DEADLINE DATES Stipend 
Predoctoral: December 17, 2019 $24,000 
Dissertation: December 10, 2019 $25,000 
Postdoctoral: December 10, 2019 $45,000 


For more information and to apply online: 
www.nas.edu/ford 
FordApplications@nas.edu 
202-334-2872 


To apply, please email a cover letter with a brief description of 
research experience, interests and goals, full CV, and three reference 
letters to Brad Glazier, Program Administrator (bsglazie@iu.edu). 


\ Stony Brook 
University 


Multiple Postdoctoral 
Positions 
Fall/Winter 2019 


Stony Brook University is recruiting 
for multiple postdoctoral positions 
in various sub-specialties, for the 

upcoming fall and winter months. 


Stony Brook has been characterized 
by innovation, energy and progress, 
and making ground-breaking 
discoveries since its beginning half 
a century ago. 


Any interested candidates are 
invited to visit our JOBS page. 


www.stonybrook.edu/postdocjobs 
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Pfizer Worldwide Research and Development Postdoctoral Program 


At Pfizer, postdocs are trained to become successful, independent investigators, 
capable of formulating and addressing important scientific hypotheses. In addition, 
trainees receive broad exposure to the process of drug discovery, from idea to 
clinical trials. Areas of scientific focus include cardiovascular and metabolic 
diseases, comparative medicine, drug safety, biotherapeutics/protein engineering, 
inflammation and immunology, medicinal chemistry, oncology, pharmacology, 
vaccines, and clinical, computational, and genomic sciences. 


We recruit highly motivated Ph.D. recipients with an outstanding track record of 
scientific productivity and a passion for ground-breaking, fast-paced research that 
facilitates the development of innovative therapies for human diseases. Our program 
promotes dissemination of research results through publications and participation in 
scientific meetings, provides opportunities for collaboration with leading academic 
labs and industry consortia, and offers exceptional professional development 


To explore our program and research, visit us online at: 


Stony Brook University/SUNY is 
an equal opportunity, affirmative 
action employer. 


pfizercareers.co m 


www.pfizer.com/careers/en/postdoctoral-program 


training and networking opportunities. 
(Pfizer) OWNIT! 


A 
ECL 


Charitable Foundation 


The EGL Charitable Foundation 
invites you to apply to the 


Gruss Lipper Post-Doctoral 
Fellowship Program 
Eligibility 
e Israeli citizenship 


e Candidates must have completed PhD 
and/or MD/PhD degrees in the Biomedical 
Sciences at an accredited Israeli 
University/Medical School or be in their 
final year of study 


e Candidates must have been awarded a 
postdoctoral position in the U.S. host 
research institution. 


Details regarding the fellowship are available 


at www.eglcf.org 
Application Deadline is September 29, 2019 


National Institute of Postdoctoral Position — Section 
Neurological Disorders on Circuits, Synapses and 
end Stroke Molecular Signaling 


The Intramural Research Program (IRP) at the National Institutes of Health is 
the largest biomedical research institute on earth. A combination of world-class 
investigators, unparalleled facilities, and a unique funding environment provides 
a rich training environment for postdoctoral fellows. 


Position Description: Postdoctoral positions are available in the laboratories 
of Dr. Lorna Role, Dr. Simon Halegoua, National Institute of Neurological 
Disorders and Stroke (NINDS), and Dr. David Talmage, National Institute of 
Mental Health (NIMH) in Bethesda MD. The Role and Talmage laboratories 
use a wide array of approaches to understand the contribution of cholinergic 
signaling to memory formation and recall, to understand how axonal signaling 
contributes to the development and maintenance of cholinergic circuits in the 
mammalian brain, and to identify novel approaches for reversing or mitigating 
the adverse effects of altered cholinergic signaling in pathological conditions 
of memory disorders (AD, PTSD). The Halegoua and Talmage labs decipher 
the molecular signaling events that mediate acute and chronic hyperalgesic 
responses of mouse nociceptors to inflammation and injury using an array of 
sophisticated cell biological, molecular, genetic, and imaging approaches in 
vitro and in vivo. 


Salary, benefits, and travel opportunities (if applicable) will be commensurate 
with experience and qualifications. 


Qualifications: Candidates should have a Ph.D., M.D. or equivalent degree, 
less than 4 years of postdoctoral experience, and expertise in electrophysiology, 
imaging, behavioral analyses, and /or cell biology and molecular biology. 
Candidates should have excellent writing and communication skills, and an 
outstanding publication record. 


To apply: Interested candidates should send a cover letter, curriculum vitae, 
bibliography, and contact information of three references to: Lorna Role: lorna. 
role@nih.gov, David Talmage: David.talmage@nih.gov or Simon Halegoua: 
simon.halegoua@nih.gov. 


DHHS and NIH are Equal Opportunity Employers. Applicants of all races 
and religions, both sexes and any age are encouraged to apply. All employees 
are subject to a background investigation. The NIH is dedicated to building a 

diverse community in its training and employment programs. 


online @sciencecareers.org 


POSTDOCTORAL OPPORTUNITIES 


online @sciencecareers.org 


cience Careers 
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Fellowships 
for Postdoctoral - 
Scholars 


Woods Hole Oceanographic Institution 


New or recent doctoral recipients are encouraged to submit applications 
prior to October 15, 2019. 


Awards related to the following areas are anticipated: Applied Ocean Physics 
& Engineering; Biology; Geology & Geophysics; Marine Chemistry & 
Geochemistry; Physical Oceanography; a joint USGS/WHOI award; an 
Ocean Bottom Seismograph Instrument Center award; and an Ocean 
Twilight Zone award. Interdepartmental research is also encouraged. 


Awards are competitive, with primary emphasis on research promise. Scholarships 
are 18-months with an annual stipend of $61,200, a health and welfare allowance 
and a research budget. Recipients are encouraged to pursue their own research 
interest in association with resident staff. Communication with potential WHO! 
advisors prior to submitting an application is encouraged. Recipients of awards 


can begin any time after January 1and before December 1, 2020. ePNOGR ay, 
fo) Me 


> 


Further information may be obtained at: 


www.whoi.edu/postdoctoral 
An Equal Opportunity/Affirmative Action Employer 
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The Department of Pharmacology is 
seeking outstanding recent graduates for open 
postdoctoral positions with experience in cellular 
electrophysiology in the following research areas; 
(1) The mechanisms of epileptic encephalopathy 
with SUDEP linked to human variants in ion 
channel genes in Dr. Lori Isom’s lab; (2) The 
role of ion channels and fuel metabolism in the 
production of oscillations in intracellular calcium and insulin secretion 
from pancreatic islets and diabetes; and Modulation of excitatory 
synaptic transmission by mechanical trauma in cultured cortical neurons 
in Dr. Les Satin’s lab; (3) Studies of the neurobiology of drug addiction 
and obesity in Dr. Carrie Ferrario’s lab, details here: https://sites. 
google.com/a/umich.edu/ferrariolab/job-postings; (4) There are also 
opportunities for postdocs with a variety of expertise to work with 
faculty on the NIDA-funded Biology of Drug Abuse Training grant, 
PI, Dr. John Traynor: https://sites.google.com/umich.edu/bda/home. 
Candidates should be highly motivated with a Ph.D., or M.D. degree 
in a relevant discipline, experience in patch clamping, intracellular 
recording, cell culture, intravenous drug self-administration, and 
immunohistochemistry and/or western blotting. Publication record in 
the English language, peer-reviewed journals and strong verbal and 
written communication skills are essential. Please send application 
materials: cover letter (including a statement of past accomplishments 
and research interests), CV and contact information for 3 references 
electronically to: Ingrid Shriner-Ward, ingridw@umich.edu. 


UNIVERSITY OF 


MICHIGAN 


Michigan Medicine conducts background screening and pre- 
employment drug testing on job candidates upon acceptance of a 
contingent job offer and may use a third-party administrator to conduct 
background screenings. Background screenings are performed in 
compliance with the Fair Credit Report Act. Pre-employment drug 
testing applies to all selected candidates, including new or additional 


faculty and staff appointments, as well as transfers from other U-M 


campuses. The University of Michigan is an Equal Opportunity/ 
Affirmative Action Employer. 
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Postdoctoral position 


A postdoctoral position is available 
in a joined research team at 
Emory University and Atlanta 
VA Medical Center to perform 
basic and translational research 
on protective and regenerative 
therapies for neurodegenerative 
disorders. Cellular/molecular, 
optogenetics/optochemogenetics, 
electrophysiological methods and 
animal behavioral tests will be applied. 
The fellow will work independently 
to develop his/her research career 
with full support. Should have PhD 
or MD degree with experience in 
neuroscience or molecular biology or 
biochemistry research. Must be self- 
motivated for research and teamwork. 
Salary and fringe benefits will be paid 
according to NIH standard. Send 
application to spyu@emory.edu. 


There is an opportunity for 
x3 post-doctoral research 
Washington. in the laboratory of Dr. 
University instLouls Grant Challen (Washington 
SCHOOL OF MEDICINE University, St. Louis, USA), 
which studies how genetic mutations influence the 
function of blood-forming stem cells in the bone 
marrow (hematopoietic stem cells = ‘”" HSCs”) and 
contribute to the development of blood cancers. 
The Challen lab using cutting-edge techniques 
such as next-generation sequencing, CRISPR/ 
Cas9 and high-throughput flow cytometry in 
model systems incorporating cancer cell lines, 
transgenic mouse models, and primary cells from 
human patients. 


The successful candidate will have the opportunity 
to work on any number of projects investigating 
how epigenetic modifications influence HSC fate 
decisions, and how genetic mutations in epigenetic 
regulators contribute to clonal expansion of mutant 
HSCs in clonal hematopoiesis and predispose for 
transformation to hematopoietic malignancies. 
The post-doctoral scholar will be responsible 
for managing their own projects (under the 
mentorship of Dr. Challen) as well as contributing 
to ongoing projects with other trainees. Must have 
troubleshooting skills, independent analytical 
thinking and research planning skills as well 
as demonstrated ability to work independently 
and communicate with the laboratory staff and 
investigators. Experience in flow cytometry and 
small animal handling is desirable. For more 
information about our lab research please visit our 
website (www.challenlab.com) and follow us on 
Twitter (@challenlab). Qualified candidates can 
contact Dr. Grant Challen (grantchallen@wustl. 
edu) with CV and research statement attached. 


Washington University is an 
Equal Opportunity Employer. 


Gender and 
3) Women’s Studies 


UNIVERSITY OF WISCONSIN-MADISON 


Wittig Postdoctoral Fellowship in 
Feminist Biology 


The Wittig Postdoctoral Fellowship in Feminist 
Biology offers the opportunity to combine research 
in a Fellow’s area of interest with teaching at the 
University of Wisconsin-Madison. We seek a 
highly motivated new or recent PhD in one of 
the biological sciences or public health or MD, 
who wants to develop research skills in an area 
of biology related to gender and teaching skills 
in feminist approaches to biology. Research 
can be conducted in any hosting faculty lab at 
the University; please specify the agreement 
to host in the research proposal. During the 
two-year fellowship, the Fellow will teach 
one undergraduate course per semester for the 
Department of Gender & Women’s Studies such 
as GWS 530, Biology and Gender. GWS will 
provide mentorship in teaching and in feminist 
theory and methods. 


To apply, please submit cover letter, CV, 5-page 
research proposal, signed agreement from 
hosting lab, and contact information for three 
references (one of whom is head of the hosting 
lab) to: Elizabeth Morris, emorris@wisc.edu, 
with “Postdoctoral application-your name” in the 
subject line. The deadline for 2020-22 applications 
is February 12, 2020. The Wittig postdoc is 
administered through the Center for Research on 
Gender & Women. For more information, contact 
the CRGW Administrator, Elizabeth Morris, 
emorris@wisc.edu, or the CRGW Director, Prof. 
Janet Hyde, jshyde@wisc.edu. Link to job listing: 
https://jobs.wisc.edu/research##gws 


» Cincinnat! Molecular 

¢Childran’ Cardiovascular 
@: Children’s Biology 
TENURED TRACK FACULTY POSITIONS IN 
MOLECULAR CARDIOVASCULAR BIOLOGY 
(Assistant, Associate, Full Professor) 


The Division of Molecular Cardiovascular Biology, 
within The Heart Institute at Cincinnati Children’s 
is looking for qualified Ph.D., M.D. or M.D.- 
Ph.D. candidates with a research program that 
investigates or can be applied to the investigation 
of the molecular biology of cardiac muscle. 
Candidates with a skeletal muscle research focus 
will also be considered. 


The Heart Institute at Cincinnati Children’s 
has brought together clinical care, research and 
education programs, all directed at providing 
comprehensive care for children with heart and 
muscle disease and developing novel therapeutic 


avenues for treatment. The Heart Institute at 
Cincinnati Children’s is one of the strongest 
pediatric clinical heart programs in the country. 


This is an excellent opportunity to join our 
existing faculty of world — renowned researches in 
developmental cardiac biology, pediatric and adult 
disease-based heart research, and skeletal muscle 
and muscular dystrophy biology. The successful 
candidate will receive a generous startup package. 
Cincinnati Children’s is ranked third among all 
Honor Roll hospitals in the 2019-20 U.S. News & 
World Report survey of best children’s hospitals and 
receives the third-most NIH funds of any pediatric 
institution in the United States. 


A letter of interest, accompanied by a complete 


@ @ Massachusetts 
] ] Institute of 
Technology 


Department of Earth, Atmospheric 
and Planetary Sciences 
Assistant Professorship in Climate-Related Sciences 


The MIT Department of Earth, Atmospheric and Planetary Sciences includes a vibrant and inter- 
disciplinary group in climate science that we seek to expand. We are especially interested in physical 
oceanography, atmospheric chemistry, and atmospheric dynamics, but we encourage applications 
from outstanding candidates in all sub disciplines of climate science. We seek candidates who 
use any approach or combination of approaches, including observation, theory, modeling, and 
experimentation. Candidates should have the potential for innovation and leadership in research and 
a commitment to teaching at the undergraduate and graduate levels. 


Applicants must hold a Ph.D. in earth sciences or related field by the start of employment. Our intent 
is to hire at the assistant professor level, but more senior appointments may also be considered. 
Applications from women and underrepresented minorities are strongly encouraged. A complete 
application must include a cover letter, curriculum vitae, one- to two-page descriptions each of 
research and teaching plans, and three letters of recommendation. 


Please explicitly commit to our department’s code of conduct https://eapsweb.mit.edu/about/code- 
conduct) in submitted cover letters. 


Applications are being accepted at Academic Jobs Online: https://academicjobsonline.org/ajo/ 
jobs/14201 


To receive full consideration, complete applications must be received by November 1, 2019. Complete 
applications will be considered starting September 15 until November 1, 2019. 


Search Contact: Ms. Karen Fosher, HR Administrator, EAPS, 54-924 Massachusetts Institute of 
Technology, 77 Massachusetts Avenue, Cambridge, MA 02139-4307, email: kfosher@mit.edu 
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curriculum vitae and the names of three references 
should be electronically sent to: Jeff.Molkentin@ 
cechmc.org 


Cincinnati Children’s is an Equal Opportunity Employer. 


MIT is an Equal Opportunity/Affirmative Action employer 


http://web.mit.edu 


Tenure Track Faculty Position in 
Regenerative Medicine and Cell 
Biology 


Department of Regenerative Medicine 
and Cell Biology 


Yale University 


=, 
f MUSC School of Medicine 
MEDICAL UNIVERSITY 
oP EORER SL OROEINA FACULTY POSITION AT THE ASSISTANT 


PROFESSOR LEVEL 


Up to two tenure track faculty positions at the Assistant or Associate Professor 
level are available for researchers that focus on a topic broadly related to the 
digestive system. Candidates whose research complements existing department 
strengths, which include tissue engineering, pluripotent stem cell differentiation, 
digestive disease research, and molecular biology of cell function, are 
particularly encouraged to apply. Successful applicants will become members 
of the Digestive Disease Research Center, a recently developed priority of the 
MUSC strategic plan that provides core facilities, pilot project funding, and a rich 
mentoring environment for junior investigators. Competitive salary, laboratory 
space and start-up funds are available. Research at MUSC is supported by 
several excellent core facilities specializing in imaging, genetically modified 
mice and rats, drug discovery, proteomics, genomics, and flow cytometry. 
Information about the Department can be found at https://medicine.musc.edu/ 
departments/regenerative-medicine. 


DEPARTMENT OF CELLULAR AND MOLECULAR 
PHYSIOLOGY 


The Department of Cellular and Molecular Physiology is 
conducting a search for new faculty members at the assistant 
professor level. 


The search seeks candidates whose research connects the 
properties of molecules to the properties of physiological 
systems. 


Applicants should provide a research plan and a curriculum vitae including 
the names of three references through the MUSC employment portal: http:// 
careers.pageuppeople.com/756/cw/en-us/job/516847/univ-open-rank- 
tenure-track-faculty. Review of applications will begin in September and 
continue until the position is filled. 


Excellent opportunities are available for collaborative research, 
as well as for graduate and medical student teaching. Candidates 
must hold a Ph.D., M.D., or equivalent degree. Applicants should 
include a curriculum vitae, a statement of research interests and 
future goals, and should arrange to have three letters of reference 
sent. Applicants should apply at the following website: 
http://apply.interfolio.com/66568 


The Medical University of South Carolina in Charleston has approximately 
2,200 graduate and professional students that are supported by 1300 faculty 
members. Total annual research funding exceeds $250 million. This includes 
funding that supports the NCI-designated Hollings Cancer Center, a Clinical 
and Translational Science Award, and multiple institutional training grants 
that support graduate student stipends. Charleston is a unique coastal city 
of half a million residents that has a rich history, numerous arts and cultural 
events, an exceptional culinary environment, and offers extensive outdoor 
beach and recreation opportunities. Information can be found at http://www. 
charlestoncvb.com/. 


Application Deadline: October 18, 2019 


Yale University is an Affirmative Action/Equal Opportunity 
Employer and welcomes applications from women, persons 
with disabilities, protected veterans, and members of 


MUSC is an Affirmative Action/Equal Opportunity Employer. minority groups. 


WORKING LIFE 


By Luis Alexis Rodriguez-Cruz 


946 


Between two worlds 


sat alone in my room, glued to my computer screen, watching events unfold 3000 kilometers away. 
Back home in Puerto Rico in July, thousands were marching to Old San Juan, demanding that Gover- 
nor Ricardo Rossell6 resign, and I was proud of them. I, however, was in Vermont, pursuing my Ph.D. 
I had left Puerto Rico because of the academic opportunities available elsewhere—a trade-off many 
scientists make as we pursue our training and careers. But I still feel deeply connected to my home. 
I stayed up late following what was happening and talking with friends who were marching, includ- 
ing one who suffered violence at the hands of the police. I was furious at myself for not being there. 


My first instinct was to buy a 
plane ticket home. I didn’t want 
to neglect my academic work, but 
before I’m a Ph.D. student, ’m a 
Puerto Rican. I have a responsibil- 
ity to get involved in what happens 
there. But the tickets were too ex- 
pensive. I couldn’t go. 

I remembered when Hurricane 
Maria hit Puerto Rico 2 years ear- 
lier. I was not home to help my 
family and community—I had left 
for Vermont a month before the 
storm. Since then, I have sought 
counseling to deal with my feel- 
ings of isolation and _helpless- 
ness about being away, and I have 
worked on building meaningful 
relationships with friends and col- 
leagues in Vermont. But it only 
took the first protest to remind 
me that I have one foot here and 
another in Puerto Rico. I was desperate to participate in 
this historic moment. 

I tried to focus on my dissertation proposal, but it was 
no use. I pushed myself to go to work every day, but even 
reading scientific articles was hard. 

Speaking with my counselor helped me figure out the 
way forward. I realized that I was focused on what I 
wanted to do instead of what I could do. There were still 
ways I could help from Vermont. 

I got in touch with my friend and colleague Bianca Valdés, 
a Ph.D. student at the University of Puerto Rico, whom I 
know through an initiative to train scientists to get involved 
in policymaking called the Puerto Rico Science Policy Action 
Network (PR-SPAN). We came up with a rapid, feasible way 
for me to contribute: write an online letter in which Puerto 
Rican scientists could express our support for Rosselld’s res- 
ignation. We wanted to emphasize that, although Rossell6 is 
also a scientist, he does not represent the Puerto Rican 


“The first protest [reminded] 
me that I have one foot here 
and another in Puerto Rico.” 


scientific community or the values 
needed to govern. 

After a daylong flurry of writ- 
ing and editing, and with the help 
of former PR-SPAN member Jestis 
Alvelo, who is currently a science 
and technology policy fellow with 
AAAS (which publishes Science), we 
had the letter posted. In just a few 
hours, it got about 100 signatures. 
It was even picked up by the press. 

I also teamed up with a few 
Puerto Rican friends in Vermont 
to take pictures with signs urg- 
ing Rossell6 to resign, which we 
posted on social media. We wanted 
to show our support for the pro- 
testors back home as well as make 
non-Puerto Rican members of our 
networks aware of what was hap- 
pening there. I had thought of 
trying something like this before 
my meeting with my counselor but had not pushed hard 
enough. Now, I decided to just set a time and make it hap- 
pen. Only three of us were able to make it, but it was still 
great to feel that sense of community, and I was happy 
about our small contribution to the cause. 

Perhaps counterintuitively, taking these actions also 
helped me get back on track with my academic work. I 
felt I was doing my part—however minor—to support the 
people of Puerto Rico, so when I was at work, I was able to 
focus on my science. 

As students and scientists, we cannot alienate ourselves 
from the issues that matter to us. We must be engaged. 
And the many of us who are far from home to pursue our 
scientific research can find ways to engage from afar. 


Luis Alexis Rodriguez-Cruz is a Ph.D. student at the Uni- 
versity of Vermont in Burlington. Do you have an interesting 
career story? Send it to SciCareerEditor @aaas.org. 
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